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THE SPECTRUM OF TREBLY IONIZED CERIUM 1 

By R. J. Lang 2 


Abstract 

The spectrum of cerium has been photographed from \3600 to \500 A by 
means of a two-meter grating of 30,000 lines per inch mounted in a vacuum 
spectrograph, using the vacuum spark and the spark in nitrogen as sources. An 
analysis of the spectrum of Cc IV results in the location of the 6S—6P, 6P —6D, 
6P — 7S, 5D — 6P, 6P—8S and possibly the 6P —7D multiplets. The ionization 
potential is approximately 33 3 volts. 


Introduction 

Virtually nothing is known concerning the single-electron spectrum of 
cerium although several attempts have been made to locate some ot the 
doublets which are expected to occur in the spectral region below 3000A. 
Gibbs and White (3) gave a pair of lines having a separation of 4620 
cm."" 1 which were thought to represent the main doublet 6S-6P. Both lines 
were later changed by these authors (4) and another pair in the close neigh¬ 
borhood of the former was given showing a separation of 4707 cm."" 1 . 
This latter assignment was made independently by Badami (1) and is 
confirmed by the results here presented. However, the further analysis of 
the spectrum made by Badami does not correspond to the present work. 


Experimental Procedure 

The spectrum of cerium was photographed from A3600 to X500A on a two- 
meter grating having 30,000 lines per inch mounted in a vacuum spectrograph, 
using the vacuum spark and the spark in an atmosphere of nitrogen as sources. 
In the latter case the electrodes were placed parallel to the slit so that the 
pole effect might be obtained. It is w< ‘ * J “~+ance is ad<jed 

to the circuit the radiations represent! 3Ctra are con¬ 
fined more and more to the region of ,es and finally 

disappear. The source of energy used ig a maximum 

of 30,000 volts with a condenser of smalt the secondary. 

Schumann plates were used entirely and the exposures langed from ten 
minutes'to three hours, depending on the region photographed and the kind 
of source used. Two small pieces of cerium metal which were of a rather 
high degree of purity were kindly supplied by Dr. Stover of the Chemistry 
Department of this university, and were used as electrodes. 
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The spectrum is very rich in lines, as might be expected of an element in 
the position that cerium occupies in the atomic table, and it would be next 
to impossible to make any analysis without some means of separating the 
lines into the various stages of ionization. 

Theoretical Analysis 

After the spectrum had been photographed as stated above, the doublet 
suggested by Gibbs and White was examined carefully to make sure the 
lines really belong to Ce IV. This was clearly confirmed and the interval 
4707 cm. -1 was used throughout from X2500 A down to the limit of the spect¬ 
rum photographed. This resulted in several pairs of lines, some of which 
seemed undoubtedly to be Ce IV lines. In particular the following three 
strong lines were outstanding on the plates of the vacuum spark: 

1372.72 (75) 72,848.0 

1332.16 (75) 75,066.0 

1289.41 (50) 77,554.8 

Fortunately, there are scarcely any other lines of comparable intensity in the 
neighborhood and certainly none of equal intensity. These three lines are 
clearly the 5D —6P multiplet. The relative intensity of the lines is charac¬ 
teristic of this multiplet in many similar spectra. The discovery of this 
multiplet was taken as strong confirmation of the reality of the 6S —6P 
doublet, and accordingly a fuller analysis of the spectrum was attempted 
on this basis. 

TABLE I 

The spectrum of Ce IV 


Assignment 

X I.A. 

Int. 

Wave 

number 

Interval 

Config¬ 

uration 

Term 

Term 

value 

6Si~6Pj 

2456.86 

45 

40,690.1 

4706 2 

Sp'Sd 

*r> s 

0 0 

6Si-6Px 

2778.20 

90 

35,983.9 

*D, 

2488.8 

6P,-6D, 

2063.13 

19 

48,454.5 

598.8 

4707.3 

Sp*6s 

*s, 

36,864.4 

6 Pj— 6 D, 
6 P 1 - 6 D, 

2037.95 

1881.05 

n 

49,053.3 

53,161.8 

5ffi6p 

*p s 

72,848.0 

77,554.8 

6P.-7S, 

1779.03 


56,210.4 

4706.5 

5 fP6d 

J D, 

126,009.6 

6 P 1 —7S, 

1641.58 

15 

60,916.9 

*D, 

126,608.1 

5Dj— 6 P 1 

1372.72 

75 

72,848.0 

4706.8 

2488.8 

Sp*7s 

*Si 

133,765 0 

5Dj— 6 P 1 

1332.16 

75 

75,066.0 



5Dj— 6 P 1 

1289.41 

50 

77,554.8 

SpPSs 

•Si 

182,895 


6P 2 -8S, 

949.30 

3 

105,341 

4706 



6 P 1 - 8 S 1 

908.70 

1 

110,047 

5?1d 

*d 2 

183,996 


6Pj —7Dj 

939.49 

1 

106,441 

223 

4706 


184,219 

6P»—7Dj 

937.52 

3 

106,664 



6 P 1 —7Dj 

899.71 

3 

111,147 
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Table I shows the classified lines of Ce IV together with the wave numbers 
and intervals. The last column shows the term values measured upward 
from the deepest term 5D 2 which has been given zero value. The values of the 


inner quantum number j have been increased by ^ to facilitate the printing of 
the report. The intensities are taken from plates of the vacuum spark spectrum. 


The confirmation of these assignments, aside from the question of equal 
intervals, is sought in the regular doublet law and the Moseley law. The 
results of the application of the TABLE II 

regular doublet law, which has to The regular doublet law 


do with the relation of intervals 
throughout an isoelectronic se¬ 
quence of ions, are given in Table 
II. Cs I (2), Ba 11(7) and La 
III(8), together with Ce IV, form 
such a sequence in which the spec¬ 
trum arises from a single valence 
electron, a so-called stripped atom 
sequence in which each structure 
corresponds to a simple doublet 
spectrum. The table shows the 
screening constants 5 for the in¬ 
tervals Av for the 5D, 6P and 6D 
terms. It is evident from the 
table that the screening constants 
decrease in a normal fashion which 
one is led to expect from many 
other similar sequences. 



A, ! 

' i 

Z 

m 

j 




'c/t 

p 

-5Dj) 


Cs 

I 

98 

55 

10.60 

44.40 

Ba 

II 

801 

56 | 

17.92 

38.08 

La 

III 

1603 

57 

21.31 

35.69 

Ce 

IV 

2489 

58 1 

23.79 

34.21 




(6Pi- 

-6P 2 ) 


Cs 

I 

554 

55 

14.23 

40.77 

Ba 

II 

1691 

56 

18.81 

37.19 

La 

III 

3096 

57 

21.88 

35.12 

Ce 

IV 

4707 

58 

24.30 

33.70 




(6D a - 

-6D,) 


Cs 

I 

43 

55 

9.89 

45.11 

Ba 

II 

205 

56 

14.61 

41.39 

La 

III 

434 

57 

17.62 

39.38 

Ce 

IV 

599 

58 

19.10 

38.90 


TABLE III 


The Moseley law values of 


V 


v 

™ AND DIFFERENCES 



Cs I 

A 

Ba II 

B 

La III 

A 

Ce IV 

5Dj 

0.391 

0.436 

0.827 

in 

1.207 

0.353 

1.560 

6S, 

0.535 


0.857 

■US 

1.161 


1.456 

6P 2 

0.423 

0.308 

0.731 

0.299 

BKIn 

0.293 

1.323 

6Ds 

0.283 

0.278 

0.561 

0.286 


0.294 

1.141 

7Si 

0.343 

0.248 

0.591 

0.249 


0.262 

1.112 

8Sj 

0.254 

0.200 

0.454 

0.207 

0.661 

0.227 

0.888 


In Table III the Moseley law has been applied to the corresponding term 
values throughout the same sequence. The differences are seen to be about 
as regular as those for the preceding row of similar structures (5) in the 
atomic table. 

The few F terms in this sequence which are known appear highly irregular* 
. In Cs I the 4F terms are unresolved because the combination with SD falls 
in the infra-red, and the 5F terms are inverted and very narrow. In Ba II 
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none of the three known F terms are inverted but all have virtually the same 
separation of about 225 cm -1 . In La III no F terms were discovered and it 
was suggested that the 5D—4F combination in this spectrum might lie in 
the infra-red, but an investigation as far as Xl0,500 A failed to reveal the 
lines (8). The author, who had been working independently on La III, 
found this combination in the ultraviolet: 

5D 2 -4F 8 1081.61(15) 92,454.7 

1603.4 

5D 3 -4F4 1099.73(15) 90,931.4 

80.1 

5D 3 —4F 3 1100.70(7) 90,851.3 

These lines are isolated and outstanding on the vacuum spark plates and 
there seems no doubt of their correctness. 

It does not seem possible to locate the corresponding 5D —4F multiplet 
in Ce IV without ambiguity on the author’s vacuum spark plates. It would be 
expected about 650 A but while there are several prominent lines near 
this value it may be that the satellite is missing. This is unfortunate because 
of the interest in deciding whether the first electron bound to the stripped 
atom is 5 d or 4/. It seems at present that there must be something erroneous 
about the F terms of Ba II and these should be carefully investigated again. 
The 6P — 8S doublet in La III has also been located: 

6P 2 —8Si 1399.01 (2) 71,480 

6P,-8S X 1462.26 (5) 68,387 

The ionization potential can be found approximately for the Ce IV ion. 
There are three S terms available and at least two D terms. The 6P — 7D 
multiplet is not very certain and the 7 d 2 D term is therefore probably doubtful. 
Simply by using a Rydberg table, and having in mind the sequence of term 
values in Table III, the value of the deepest term is approximately 269,500 
cm. -1 which corresponds to an ionization potential of 33.3 volts compared 
with 33.8 volts for Zr IV (5). A similar close agreement is found for 
Yt III(6) and La 111(8) l>oth of which give a value close to 20 volts. It 
should be stated that the term values for La III on which Table III is based 
are about 4% greater than those given by Russell and Meggers, in order to 
make the run of values for the Moseley law as uniform as possible. 
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MEASUREMENT OF SMALL CAPACITIES IN TERMS OF MUTUAL 
INDUCTANCE AND RESISTANCE* 

By W. H. Watson* 


Abstract 

Campbell’s a-c. bridge for the measurement of self-inductancc in terms of 
mutual inductance can be modified so as to measure small capacities ( 1-1000 fjpf.). 
The arrangement described is sensitive to within 0.01 fifjif. Small condensers 
can be measured to within 1 % with ease. Residual errors are discussed. 


The method described here for measuring small capacities suggested itself 
from an observation in the course of an exercise with Campbell's bridge 
for the measurement of self-inductance in terms of mutual inductance 
(1, p. 298). It w r as found that when a resistance of a few thousand ohms 
was joined between the source and the secondary of the mutual inductance, 
M, the value of M for balance instead of being zero as expected, turned out 
to be about 0.1 mh. Inspection of 
the disposition of the circuit made it 
reasonable to suppose that this dis¬ 
turbance of the normal condition of 
balance was due to capacity in the 
position indicated by C in Fig. 1. This 
hypothesis was soon justified by calcu- ^ 
lation and by subsequent measure¬ 
ments in which a known capacity was u 
used, and the apparatus arranged so 
as to reduce stray capacity. It was 
recognized that this circuit offers a 
sensitive means of measuring small 
capacities which it is convenient to 
use whenever Campbell’s variable 
standard and balancing inductance 

are available. Fig. l. 
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H 


If l\ denotes the effective inductance between F and A , and U the total 
resistance, and the other quantities are as indicated in the figure, then it 
can readily be established by a double transformation of the network (1, p. 47) 
that the following are the conditions for no current through the detector when 
the source supplies an e.m.f. of angular velocity p: 

I'| - L + M (| + /i) = C | V(P+R) + RP- p*[(L+L')h +'LL‘ - 2ML’ - M*]| (1) 

and 

Q j - P - fC UU+R) (L-M)+ P(h+ L') + U(L'+ M) + M) } (2) 

1 Manuscript received May 17 , 1935. 
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The conditions of balance are dependent on the a-c. frequency employed, 
but if C is small, U has to be made large for sensitivity, so that, when L' 
is the proper balancing coil for the primary of Af, Condition (1) becomes 
approximately: 

+ = (3) 

and in any case the frequency need not be known very accurately if a more 
precise measurement is required. 

The method of measurement is to make a preliminary test of Campbell's 
bridge with U and C absent. M should be equal to zero or very nearly so. 
U is then introduced and the bridge balanced with the condenser C out of 
circuit, but with the leads to it in position. Only a very small change in 
M and P should be required when this arrangement is made; if this is not 
the case, there is probably stray capacity between U and some part of the 
bridge. The condenser is next connected and M and P adjusted for balance; 
for a small capacity, the change in P will not be great but will depend on 
the frequency, while the change in M can be made to have any desirable 
value by the proper choice of Q/S and U. With an equal rajtio bridge the 
well known advantages with respect to residuals in the ratio arms are secured, 
but as the balancing coil V is usually supplied for Q/S = 9 it is convenient 
to use this, and it is possible to measure easily, within \%, capacities of a few 
micromicrofarads. A further advantage of the ratio 9 : 1 is that it makes 
U larger and the bridge therefore more sensitive for the measurement of C, 
while, as a less important consequence, the large value of U renders the 
approximate formula (Equation (3)) applicable for routine work. 

Provided that a suitable source and detector are available, there is no 
difficulty in establishing an accurate balance of the bridge which can be made 
sensitive to within 0.01 /x/xf., but it is obvious that such a bridge may also 
be seriously affected by residuals in the resistance boxes and other apparatus 
employed, and in the actual arrangement of the apparatus and connections. 
By far the most important sources of error due to residuals arise from neglect 
of the residual capacity of the resistance £/, and from the presence of appre¬ 
ciable capacity between G and D. The latter can be kept small, if care is 
taken in setting up the bridge, its presence being clearly demonstrated if P 
has to be altered very much when U is introduced into the circuit. It can 
be easily shown that capacity between G and D produces changes in the 
effective values of U and C which, however, are not serious because they 
leave the product CU unaltered. In addition, however, it may make a large 
negative contribution to h and this also is the effect of the self-capacity of U. 
For, if V is shunted by a small capacity k , the impedance operator is U — jpk U 2 
{kU being small); there is therefore a contribution — kU* to l\. Provided 
that P is not small—a condition which is desirable on other grounds—the 
iffect of h in Equation (1) will generally be negligible, if 1% accuracy is all 
that is required. On the other hand, the effect of l x in Equation (2) will 
always be important, and may lead to a decrease in P when C is introduced. 
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Impurity in the mutual inductance will enter as a correction to P which 
becomes of less importance the greater P is. P cannot be made greater than 
about 1000 ohms without introducing error due to its self-capacity. If the 
condenser is an impure one with effective series resistance p, the term 
QRpC/S enters Equation (1) and is obviously quite negligible. Residual 
inductance in the ratio arms is of importance only in the second condition 
of balance (Equation (2)). 

When it is required to measure a condenser of capacity less than 1000 /z/zf. 
by this method, the suitable values to be given to P, R , Q , 5 are fairly well 
determined by the above considerations. The writer has, however, inves¬ 
tigated the effects of varying p, {/, R and Q , and the influence of a small 
capacity shunting Q or V , and found that, provided that the apparatus is 
well arranged so as to reduce capacity between the arms of the network, 
consistent measurements of C can be obtained, even if these variables are 
not kept within narrow limits. 

Some sample measurements are given in Table I. A valve oscillator sup¬ 
plying a.c. of 806.3 cycles per second was coupled by a step-up transformer 
to an earthing device (1, p. 368) and from that to the bridge by means of 
shielded cable. As detector, telephones were used with an amplifier giving 
a 1000 : 1 gain, coupled through a shielded transformer to the bridge. Two 
condensers were measured; one was a General Radio Type 222 precision 
condenser, with the maker’s calibration available, the other was a variable 
cylindrical condenser whose capacity was calculated from geometrical data. 
As a matter of interest, the grid-plate capacity of a triode 201A was measured 
and found to be 10.1 /z/zf. 

The results given in Table I indicate how well the mutual inductance can 
be set and the satisfactory agreement between the measured values of C 
and the data of the maker. Neglect of PR and h in Equation (1) leave the 
values of C obtained by means of Equation (3) not more than 4 parts in 
error per 1000. There is no reason why one should not attempt to evaluate 
these corrections if higher accuracy is required, but, of course, the amount 
of work involved is very much greater. In the fifth column of Table I the 
quantity (SP — RQ)/SC is given; according to Equation (2) it shoufd be a 
constant and if U had no self-capacity, would yield the value of U(L + L')jP, 
and hence L + L'. The result is 19.2 mh., which is to be compared with 
the known value 24.8 mh. If this large difference were due entirely to the 
residual capacity of L/, the capacity in question would have to be 56 /z/zf. 
or the effective inductance h would have to be —0.56 h. In order to check 
this, U was connected to a balanced Schering condenser bridge (1, p. 242) 
in parallel with the arm S of 2000 ohms. The capacity shunting S was found 
to be 56.2 /z/zf. This is an excellent agreement, for the other fesiduals 
already discussed could account only for a small part of the difference 24.8 — 
19.2 mh. referred to. 

In the above-mentioned experiments the error introduced in the value of C 
due to neglect of the effect of the residual capacity of U on ita effective 
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resistance U( 1 + ifikPU*)* 1 is only 0.06%. One should not however over¬ 
look the fact that a serious error may arise from this source if p or k happens 
to be larger. Attention has been drawn by Jones and Josephs (2) to the 
errors in high resistances caused in this way. It is important to notice that 
in other bridges for measuring small capacities and depending on the use of 
a high resistance, this residual must be kept in mind, and it is perhaps not 
out of place to mention that in a discussion of residuals in Anderson’s bridge, 
Hague (1, p. 261) omits this effect in r. 

TABLE I 


(a) G.R. Type 222 condenser 


c 

(maker), 

MM/- 

M, 

Hh. 

p, 

ohms 

c, 

Eqn. (3), 
wf- 

SP-RQ 

X 10-i° 
SC 

Out of circuit 

3 

1 

921.1 

0.3 


48 

496 

923.4 

48.3 

4.79 

98 

1003 

925.9 

97.7 

4.90 

217 

2242 

931.8 

216 7 

' 4.93 

340 

3543 

937.9 

340.6 

4.94 

466 

4881 

944.1 

466.4 

4.89 

593 

6247 

950.4 

593.3 

4.91 

782 

8317 

959.4 

783.3 

4.90 

1028 

11,063 

971.9 

1029 

4.94 


(h) Cylindrical condenser 


Condenser 
scale reading, 
cm. 

; 

' 

M, 

ixh. 

p, 

ohms 

c, 

mm/- 

Differences, 

MM/- 

mm/- 

cm. 

3.00 

172 

921.2 

16.77 



8.00 

265 

921.6 

25.87 

9.10 

1.82 

10.00 

302.5 

921.8 

29.54 

12.77 

1 82 

13.00 

359 

922.1 

35.04 

18.27 

1.83 

; 


Frequency — 806.3 cycles/sec. Q/S — 900/ 1(X); U ** 100,000 ohms. The maximum resistance 
and self-inductance of the secondary of M are 10 ohms and 9 mh. respectively. R**102 4 ohms. 

The calculated value of the capacity per cm. of the coaxial cylinder was 1.85 mif./cm. (first 
approximation ). 


It was suggested to the writer by Dr. H. G. I. Watson that the places of 
U and C in the network might be changed, with advantage, to the following:— 
U between B and II and C between D and H. With this arrangement which 
is practically the conjugate network to Anderson’s bridge, the conditions of 
balance are 

~ M ($ + l) = c{ 2?l/(! + i) + RQ - P>(L'+M)h | [ (4) 

and 

--T - ? c ( h (s + 0 * +1*'+ *> [(| + 0 u + q]} . 


(5) 
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If k were zero, then Condition (4) would be independent of the frequency, but 
as h is quite large the arrangement can be quite inaccurate for measuring 
any but the smallest condensers unless an equal ratio bridge is used. Even 
when Q/S = 1, the error introduced by neglect of A in determining C may 
be larger than with U and C on the other side of the bridge, on account of 
the fact that A is multiplied by ilf*. This objection would also apply in a 
slightly modified form to the use of the Campbell-Heaviside equal ratio 
bridge. These conclusions are supported by experiment. 

Acknowledgment 
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ANOMALOUS DISPERSION OF SOUND IN 
SOLID CYLINDRICAL RODS 1 

By R. Ruedy 2 


Abstract 

The deviation of the overtones from whole multiples of the fundamental note 
when pure longitudinal waves are set up in a cylindrical rod, one to a few centi¬ 
metres in thickness, is accounted for to within less than 1% by the drop in the 
velocity of propagation of longitudinal waves with increasing frequency due to 
radial motion in the rod. The radial component present in vibrating solid or 
hollow cylinders determines a second solution of the velocity equation which 
starts near the resonance frequency of the radial vibration. Although radial 
motion can take place free from longitudinal components, so that no mutual 
coupling need exist between the two types of vibration, the equation for thin 
rods can within certain frequency ranges be reduced to the frequency relations 
valid for coupled systems. 


Introduction 


The velocity of propagation, c, of longitudinal waves of sound of frequency/, 
in a solid cylindrical rod of radius a, is given by the formula. 

1 kaJo(ka) ( 

1 _ <* ** + 1 _ Mka) _ 

Co* m j? (m -h 1) _ 

2 _ Co* m hidJoihia ) 

* (m - 2Km + 1) _ J\(h\a) 

Co* (m — 1 )m 

where 

m = the reciprocal of Poisson's ratio jjl 
c 0 = velocity of sound at low frequencies 

k m l pTm + l) c* i 

c/cq Co \ m Co* 

L _ 27T / (m - 2)(m + 1) c* 

1 c/c 0 to \ (m — \)m Co* 


As long as P/c 0 2 is smaller than (m — 1 )m/{m + 1) (w — 2), Ai is an imaginary 
quantity ih. 


TABLE I 

Observed and computed velocities of sound in 

CYLINDRICAL RODS OF NICKEL 


With the usual values of m y 
the velocity decreases first slow- 


Frequency, 
kc. per sec. 

Velocity, 

c/c 0 

f / Co , 

observed 

f / Co , 

ealed. 

188.7 

0.9526 

0.381 

0.381 

226.9 

0.9164 

0.458 

0.459 

242.8 

0.8913 

0.490 

0.492 

256.5 

0.8631 

0.518 

0.525 

270.1 

0.8391 

0.545 

0.547 


Length of rod , 100 mm.; diameter , 10 mm.; m * 3.25, 
Co ** 4952 m. per sec . 


ly from c 0 to about 0. 9c 0 , reached 
near the frequency c 0 /4a, and 
then drops more rapidly to about 
0.6 Co near the frequency 0.4 
c 0 /a } where an apparent discon¬ 
tinuity occurs. How well the 
theory agrees with the measure¬ 
ments is shown in Table I for 


i Manuscript received May 17 , 1935 . 
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nickel rods and in Figs. 1 and 2 for thin steel, aluminium and copper 
rods through which sound, in some cases, of nearly one million cycles per 
second, was sent (3, 5). Since the velocity depends merely on the product 
fa, and not on f and a separately, the results have been calculated on the 



Fig. 1. Velocity of sound as a function of the frequency, f, for cylindrical rods of nickel 
and steel, 1 cm. thick. The curves represent theoretical values, the dots observed ratio of the 
velocity, c, to the velocity r 0 , at low frequencies (3). 


basis of a diameter of 1 cm., which is the thickness of the nickel rod. The 
normal values of Poisson’s ratio for nickel (0.31) and steel (0.29) have been 
adopted, with no attempt to improve the results by adjusting this ratio which 
differs slightly from rod to rod, depending on the history of the sample. 
The ratios adopted for aluminium and copper are lower than normal, 0.31 
in place of 0.33, but the rods are vibrating in air, and the damping thus 
introduced tends to lower the natural frequency of thin rods. 

According to the theory, in materials having the same number m , the 
velocity c/c 0 varies in the same way, providing that it be plotted as a function 
of f/c 0 . Fig. 2 illustrates this point for aluminium and copper; the data 
obtained for both metals fall upon the same curve. 



f- too kc/*<c 200 300 400 


Fig. 2. Velocity of sound , as a function of the frequency, for cylindrical rodsqef copper 
and aluminium , 1 cm . thick (J). The circles represent computed, the black dotr observed, 
values. At the left the results are plotted as a function off/c*, using 0.32 as Poisson's ratio; 
lower values of this ratio shift the curve slightly to the right . 
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The measured velocities refer to standing rather than progressive waves. 
Since the rigorous solution for standing waves does not result in a purely 
periodic function of the radial and longitudinal motion taken separately, a 
correction would have to be applied to the observed velocities. In the case 
of the rods in question, all less than one centimetre thick, the end effects 
are negligible and the correction may be disregarded. For thicker rods 
standing waves can no longer be represented as the result of two longitudinal 
waves progressing in opposite directions. 


For velocities smaller than c Q) the displacements u , in the direction of the 
radius, and w y in the direction of the axis of the rod, are for any position, s, 
along the axis given by 


/A(kr) / 

, f 1 m + 1\ 

\J, ( ka) \ 

CO* W ) 


jd ihsl \ 

(iha)) € 


\Mii 
) Jidi 


w 



Mkr) 
A (ha) 


i 

fo 1 m _ 

(m - 2)(m + 1) 
to* (m — l)w 


haJo(ihr) \ iJi(ka) 
tJiiiha) ) a 


^Hyz+pt) 


or, at the surface of the rod, by 

u = 2tt - 2 L±_i l! J^ka) <(7»+P() 

cm <o* 

( £l + 1) _ j 

! « <o 2 _ haJojiha) _ /, . Jo(ka) 

c 2 {m — 2 )(m -f 1 ) \ Ji(ka) 

r 0 2 (m — \)m 


( 


. Ji(ka) ^ -pi) 
a 


apart from a constant factor C\ which is given by the initial conditions and 
which may be made equal to unity by a suitable choice of the units in which 
u and w are measured. When applying the formulas, the function 
€ i(yz+pt) __ CQS (y z + pt) 4. 1 sin (yz -f P0 


is split up so as to render u and w real, whether Ji(kr) be real or imaginary. 
However, as k approaches zero, the displacements at the surface (r = a) 
vanish; the rod appears motionless, and the common methods of measuring 
the velocity of sound fail in this range. For solutions with still smaller 
values of r/c G , and imaginary values of k, the displacements u and w would 
grow beyond any limit as the frequency is increased, so that it seems legitimate 
to reject solutions with imaginary values of k on the ground that they lead to 
a contradiction with the assumptions on which the velocity formula is based. 
Attempts to study the propagation of sound waves in this region have thus 
far met with failure despite the use of powerful sources of vibration (5). 


Velocities at Higher Frequencies and Anomalous Dispersion 

Although it seems difficult, on account of the small amplitude, to follow the 
propagation of frequencies higher than about 0.45 c 0 /a through solid rods, 
the curve representing. c/c a as a function of f/c a resembles, near this point, the 
curves representing anomalous dispersion, so that it seems worth while to 
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ascertain the value of f/c 0 for very high values of c/c 0 . In this case the 
equation giving the velocity of sound becomes 

- 4 2L ±1 - J « a) . for — » 1 , 

Co* m « m — 1 */o(?a) c 0 

1 " m~—~2 ea 7 ItfS) 


where now, with la < \. 841 and 7 = 0, 

/ •» 2t " ■ 


■£V 


2(m + 1) 


1 “ 2t !;4 

g \ m — 2 


( m — 2)(m -f 1 ) 
(w — l)m 


The right-hand side of the equation becomes very large when 

m — 2 Joiga) 
m - 1 ** Ji(ga) • 


This relation, however, represents but the resonance condition for pure 
radial waves along the rod. A kind of anomalous dispersion is of course 
to be expected in solid, as well as in hollow, rods. The values of ga satisfying 
the equation are given in Table II. 


TABLE II 

Solutions of the equation (m — 2)h(ga) * (m — 


m 

(?«) i 

(Ru): 


Hi 


Material 

2 22 

2 325 

5 483 



0 45 

Lead 

2 50 

2 254 

5 451 


2 45 

0.40 

Gold 

3 00 

2 166 

5 428 

8 595 

2 00 

0 33 

Aluminium 

3 33 

2 126 

5 414 


1 87 

0 30 

Nickel 

4 00 

2 069 

5 396 

8 576 

1 73 

0 25 

Glass 


The frequency, / r , at which the velocity tends to infinity, is obtained from 

L m (gtf) x l w(w - 1) 

2xa \ (m -f* l)(m — 2) * 

For m — 3. 25 the value of f r /c n is 0 76, so that the radial resonance frequency 
of a long rod is higher than the radial resonance frequency of a thin circular 
disc (1). How r ever, in so far as it involves extremely high velocities of 
propagation, the computed resonance frequency is probably higher than the 
actual value. Oscillations which appear to form the* radial resonance system 
have been observed at 287.5 kc, per sec. for a nickel rod, that is, wdien f/c 0 
is equal to about 0.58, instead of at 330 kc. per sec. 

Close to the radial resonance frequency, f n small changes in f/c 0 bring 
the velocity back to normal values, so that h and k must again be used in 
place of g and /. Near c/c Q = l the velocity drops more slowly as thq^requency 
is further increased, the ratio c/c 0 reaching the value (m/(m + 1))* for 
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ka ** 5.33, when m ** 3.5 and f/c 0 is equal to about 1.5. The condition for 
a second region of radial resonance (near f/c 0 •* 2 for m « 3.25) is then 
approached; but for these high frequencies the size of the grains making up 
the metal must make itself felt. In the descending branch of the curve the 
velocity remains greater than the value c for which c 2 /c 0 2 «* tn/2(m +1) and 
k is equal to zero since only one solution / exists for this point (4). 


Resonance Frequencies in Rods and Frequencies in Coupled Systems 


For the use of rods as frequency standards, a simple formula is desirable. 
Since in the range that is of practical interest, ha and ka for a rod 1 cm. in 
diameter are smaller than about four and as long as the diameter is small com¬ 
pared with the wave-length, the Bessel functions occurring in the velocity 
equation may be replaced by the first few terms of their development in series: 


Mha) - 1 - 


k*d » 
4 



h*a* 

2304 + ’ ‘ 


Mha) 


ha ( i _ hW , h*a*_ __ h*a* . 
2 V 8 ' 192 9216 + 


Moreover, putting 


r* m -f l 

Co* tn 


h = 2ir f -H , 
c 




( 


and retaining terms in (ha)* and (ka)* only, the equation becomes, outside 
the region of radial resonance, 


where 


-**)*( i + e, + %)+ ik> + n ' kt + ***■ (!!+«’- if) 
-{ (<** - + *’ +%) - 2 * + 2ei if) + (» + * + f.) - 0 • 

1+e . + 2£ _ _£LA _£\ («• + !)• 

1 +e ^H* rw\ ro 1 /! 


m(m — 1) * 


If the last term only is considered, the solution leads to a constant value 
c «* c 0 . The last two terms give 


£ 

Co* 



8c 0 * 7 , 2 m* 

_ a*p> _ 1 - m _ 

(1 + »> (w - .) + V^) - % 

+ _ i __ 

(1 +M)(*U -M) +\~Zj)~ 


8c 0 * 

a*/>* 


0 . 


When the assumption is made that c 2 /c 0 2 « 1 + tja 2 , and 8 c 0 2 /a 2 p 2 is replaced 
by Sc 0 2 fa 2 c 2 y 2 , the well-known formula 

c 0 4 


is obtained. 
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Considering that for standing waves, n being a whole number 

p » 2rf - «*r j , 

with sufficient accuracy for thin rods of length L, 

J^ + 7_JmL _«L + 2 

£ _ £ »W T 1 - n _ nH'a' T 

^ e “‘(l+M)(s-4M- r ^) (1 + M)(s — 4/i — 

or approximately 

J#, 7 __JiL ig I 1 

£- — !l. w>T,a> _2 1 — n _j_ w^a* __ q 

c “‘ c “‘ | (i - m*) l a " M l ) 


0, 


On the other hand, when the rod is considered as a system in which the 
longitudinal vibrations are mechanically coupled with the radial vibrations 
of thin sections, for which the resonance frequency is given by 


/» 



» 


where f is the solution of the equation for radial oscillations of thin discs, 


, MO 
* MO 


~ M . 


and is closely equal to 2, then (1) 


o>' 


SIL + ( , _ 


Co* 1 - 

(1 - m)’ 


(1 - M*)* 






1 Cl _ ..<1 

(1 - ^)« 


0. 


There is a certain resemblance lietween the two equations, which explains 
why over a certain range the theory of coupled vibrations is capable of rep¬ 
resenting the results with great accuracy, though it fails completely as a general 
expression. The formula based on the velocity equation, on the other hand, 
is valid whenever longitudinal oscillations exist alone in thin rods, while 
flexural vibrations, or in the case of thicker rods, vibrations characteristic of 
plates, are absent. Both formulas give two branches for the resonance curve; 
in the case of coupled vibrations the two branches are separated by a silent 
zone; in the case of the solid rod they overlap, in qualitative agreement with 
the observations (1). 
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THE THERMAL CONDUCTIVITY OF SUNDRY MATERIALS 1 

By C. D. Niven 2 


Abstract 

The results of measurements on the thermal conductivity of acetylene black, 
rock wool, sphagnum moss, dried asbest09-~water paste and other insulators 
are given. 

The descriptions of the samples of insulating materials whose thermal 
conductivity is reported in this paper are those which the manufacturers 
furnished. 

The results on sphagnum peat moss are of so much commercial interest at 
the present time that some results of Dr. Finck’s (1), taken from a Bureau of 
Standards publication, are quoted in Table I. These results were obtained 
with dried material and are therefore,slightly lower than those reported in 
Table II. The general agreement, however, is remarkably good. 

There is an indication that 
the thermal conductivity of 
sphagnum peat moss increases 
linearly with the density and 
that the rate of increase is 
somewhat similar to that of 
wood fibre. This result is of 
course to be expected since 
compressing would mainly have 
the effect of squeezing the air 
out of the sample. Sphagnum 
peat moss is clearly a good 
insulator but its exceedingly 
hygroscopic nature should not 
be forgotten by those who would stress the economy which can be effected 
by its use. 

The samples of rock wool, with one exception, were supplied by Mr. M. F. 
Goudge and are fully described by him in a memorandum (2) of the Mines 
Branch. The results indicate that the quality of the rock wool rather than 
the density of packing is the important factor affecting the thermal con¬ 
ductivity’. 

The samples of asbestos were prepared by Mr. D. Wolochow, chemist in 
charge of the asbestos research work undertaken by the Division of Chemistry 
of the National Research Council. The results of the experiments indicate 
that both the length of the fibre and the quantity of water used in making 

1 Manuscript received April 18 , 1935. 

Contribution from the Division of Physics , National Research Laboratories , Ottawa , 
Canada. 

1 Physicist , National Research Laboratories , Ottawa. 


TABLE I 

Thermal conductivity of sphagnum moss, 

AS DETERMINED BY FINCK 


Moisture, 

Density, 

Ib./cu.ft. 

Mean 

temp., 

°F. 

Conductivity, 
B.t.u./hr./ 
sq. ft./°F./in. 

Negligible 

3 0 | 

90 

0 251 

Negligible 

3 4 

90 

0 256 

Negligible 

4 5 

90 

0 248 

Negligible 

5 4 

90 

0 237 

Negligible 

9 9 

90 

0 278 

Negligible 

16 7 

90 

0 339 


Note:— Quoted from Reference (/), p. 976. 



NIVEN: THERMAL CONDUCTIVITY OF SUNDRY MATERIALS 


17 


TABLE II 

Description and thermal conductivity of samples 


Material 

Description 

Thickness 
at which 
sam pie 
was 

measured, 

in. 

Moisture, 

% 

Density, 
lb./cu. ft. 

Mean 

temper¬ 

ature, 

°F. 

Conduc¬ 
tivity. 
B.t.u./ 
hr./sq. ft./ 
°F./in. 

Acetylene black 

50% compressed 

1.117 

0 7 

mm 

53 

0,268 


Uncompressed 

1 090 

1 5 

mm 

55 

0.220 

Chopped straw 

Treated for fire resistance 


6 0 


53 

0.361 

Corrugated board 

Double, corrugations hori¬ 
zon Ul 

0 335 

— 

11 8 

53 

0.366 

Corrugated aircell in¬ 
sulating board 

9/16 in., corrugations hori¬ 
zontal 



8 05 

54 

0.353 


5/16 in., corrugations hori¬ 
zontal 


— 

7 6 

52 

0.338 

Rock wool 

Long fibre, moderately 

coarse 

1 083 

Negligible 

3 0 

53 ! 

0.271 


Granulated 

1 099 

Negligible 

8 7 

53 

mm 


Fine, almost free from shot 

1 100 

Negligible 

7 9 

54 

mm 


Fine, containing consider¬ 
able shot 

1 110 

Negligible 

10 3 

55 

B9 


Pad containing a small 

j 0 700 

Negligible 

11 3 

54 

WEm 


amount of bonding mate- 

\ 1 099 

Negligible 

7 9 

55 

0.242 


rial 

l 1 240 

Negligible 

6 6 

55 

0.242 


Commercial 

1 100 

Negligible 

6 1 

55 

0.247 

Specially ground wood 

Calcium treated 

1 090 

8 

5 5 

56 

0.317 

fibres 


1 190 

7 

6 0 

57 

0.328 

Sphagnum peat moss 

Board 

1 328 

11 0 

10 2 

59 

0.309 


Loose 

1 106 

11 0 


58 

mSSSM 


Loose, charred 

1 192 

7 6 


57 

K2a 


Fine ground, mjist 

1 083 

25 


58 

mSSm 


Rough, very moist 

1 114 

30(?) 


56 

WEm 


Shredded 

1 104 

9 6 


56 

■ill 


( 

1 183 

10 


59 

WESSM 


Loose ^ 

1 110 

10 


63 

0.289 


l 

1 102 

10 

HI 

59 

0.272 

Asbestos-water paste 
moulded by hand 

Short fibre; 120% mixing 
water 

0 698 

Negligible 

56 

633 

1.80 

and dried* 

Short fibre; 100% mixing 
water 

0 731 

Negligible 

60 

611 

1.98 

* 

Short fibre; 80% mixing 
water 

0 826 

Negligible 

64 

638 

2.19 


Very short fibre; 100% mix¬ 
ing water 

0 916 

Negligible 

64 

608 

2.39 


Very short fibre; 75% mix¬ 
ing water 

0.808 

Negligible 

68 

613 

• 2.11 


Very short fibre; 65% mix¬ 
ing water 

0.849 

Negligible 

74 

643 

1.99 


Fine ground serpentine; 
80% mixing water 

0.855 

Negligible 

69 

634 

-1 

1.69 


* Short fibre refers to Quebec Standard Screen Test 0-0-4-12. Very short fibre refers to Quebec 
Standard Screen Test 0-0-1-15 . The fine ground serpentine was 200 mesh material. 
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the samples affect the thermal conductivity. As shown in Table II, these 
measurements were carried out at a temperature much higher than the 
temperatures at which the other measurements were made, since, of course, 
asbestos is essentially an insulator for use at temperatures higher than 
room temperature. 
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A HYDROGEN DISCHARGE TUBE FOR ABSORPTION 
SPECTROSCOPY 1 

By W. H. Watson 2 and D. G. Hurst* 

Abstract 

An inexpensive, easily assembled tube of rugged construction is described. All 
parts exposed to the discharge are water cooled. The capillary with its water¬ 
cooling sheath is the only glass part, is a self-contained unit and is easy to make. 

The tube has been operated without trouble at over 2 kw. input at 1000 volts. 

The tube was designed for use with a vacuum spectrograph, where mechan¬ 
ical soundness of construction and high light intensity are required. The 
problems confronting the designer of such a discharge tube are well known 
(1, 2, 3, 4, 6). It is necessary to cool the electrodes and the narrow tube* 
in which the discharge is constricted in order to obtain high current density. 
The cooling of the latter presents a serious problem in the H-type of tube 
in which the horizontal arm of the H has to join two large tubes carrying 
the electrodes, and the resalting system is necessarily mechanically weak. 
So long as one is restricted to the traditional practice of supporting all the 
parts of the discharge tube in a glass envelope, one requires glass-work which 
is fairly elaborate and expensive if account is taken of its strength and probable 
life. 

It was with the object of eliminating unnecessary glass parts that the tube 
to be described was constructed, and as a tube of this type has been operated 
successfully in this laboratory the writers feel that it is useful to give the 
details of its construction. 

The main innovation in tube construction is that the water-cooled capillary 
is a self-contained unit which may be made of glass or quartz as desired) and 
which is held in the water-cooled hollow electrodes at each end by means of 
rubber tubing not exposed to the discharge. The electrodes themselves are 
rigidly connected with each other by two ebonite strips, so that the capillary 
has no part in determining the relative position of the electrodes. Each 
electrode has a hole drilled along its axis, one for the axial emission of light 
through a fluorite window waxed into the electrode, the other for connection 
to a pressure-stabilizing reservoir and to the pump and hydrogen supply. 

1 Manuscript received July 10 , 1935. 

Contribution from the Physical Laboratory , McGill University * Montreal , Quebec # Canada* 

# Assistant Professor of Physics , McGill University . 

8 Holder of a bursary under the National Research Council of Canada. - 

*The narrow tube will be referred to hereinafter as the capillary although the internal mameter 
that used in this tube was 6.5 mm. 
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The details of the construction of 
the tube are shown in Fig. 1. The 
electrodes, AA, shaded diagonally, 
are of aluminium alloy, heat treated 
for machining, and were turned from 
sections of a rod 3 in. in diameter. 
This metal was chosen on the basis 
of Lyman's remarks on the hydrogen 
spectrum (5, p. 89) and ease of work¬ 
ing. The water jackets, BB, are of 
brass tubing and are screwed into 
place by means of brass collars 
soldered on one end of each. The 
joints are made watertight with a 
packing of graphite and cord. Fixed 
to the electrodes by screws are two 
square brass plates, CC, attached to 
which are the ebonite distance pieces 
indicated by the dotted lines in the 
figure. 

Thus all the metal parts are fixed 
together and the glass capillary hangs 
on the rubber tubes DD, each of 
which slips on a separate aluminium 
tube, GG, making a sliding fit in the 
electrode. The reason for using this 
method rather than having the pro¬ 
jection for the rubber tube a part of 
the electrode is twofold; both the 
boring of the electrode and the 
assembly of the lamp are facilitated. 
The wax joints are sufficiently distant 
from the ends of the capillary to 
remove them from exposure to the dis¬ 
charge; they are made with “pizein” 
wax. The rubber tube E takes up 
any expansion of the capillary and 
prevents a complete circuit of glass. It 
is sealed with tar. To ensure that 
the water reaches the ends of the 
capillary, deflectors, FF, of thin 
copper are used. The capillary can 
be silvered, if desfred, to promote 
recombination of the hydrogen. 



Fig. 1. A hydrogen discharge tube for absorption spectroscopy . 
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The connection to the pump and reservoir, etc., is a glass cone, H, fitting 
into the electrode and waxed in place. The electrodes are heated for waxing 
by passing steam into the water jackets. 

In use this tube gives an intense spectrum which has been photographed 
with the Hilger E50 vacuum grating spectrograph. The exposures sure 
30 to 45 sec. with a slit width of 0.006 cm. and a measured power of 1.5 kw. 
So far, the power input actually dissipated in the tube at 1500 volts has not 
exceeded 2.2 kw., but sis this order of exposure is satisfactory for the purpose 
in hand, greater power is not necesssiry. The writers are therefore ignorant of 
the breakdown limit of the tube. Nevertheless, experience with a fore¬ 
runner of this apparatus makes them confident that much greater power can 
be handled safely. 

In this design the writers have wittingly given up the freedom from sput¬ 
tering inherent in the H type of tube, but feel that the advantages gained 
with regard to compactness and cooling of the window, K, without having a wax 
seal separating vacuum from water far outweigh this dissidvantage. It has 
been found indeed that at the pressures at which high light intensity is ob¬ 
tained from the tube, the sputtering of the window is not serious, and even 
when it is necessary to clean the window this is not a difficult operation. It 
is possible that the small amount of sputtering observed would be reduced 
by changing the internal form of the electrode (opposite the window) or by 
using a small quartz cone, as Kistiakowsky (3) did. 

In conclusion the advantages of this type of tube may be summarized:— 

1. All parts exposed to the discharge are cooled by a compact water¬ 
cooling system. 

2. The tube is cheap and rugged, and is easily assembled. 

3. The water-cooled capillary is an independent unit which may be altered 
in length if desired, the same electrodes being used. 

4. Light escapes from the lamp only along the axis. 

5. The lamp can be sealed easily to a vacuum system without loss of distance 
from the light source. 

6. No wax seals separate water from the evacuated system, and aU wax 
joints are far removed from the discharge and water-cooled. 

7. The window is efficiently cooled and is easily removed and replaced. 
It is held in place by a washer and nut, so that in case of fracture of the water- 
cooled capillary it is not likely to be forced out. 
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A PLOTTER FOR HIGH OBLIQUE AIR PHOTOGRAPHS 1 

By E. L. M. Burns 2 and R. H. Field* 


Abstract 

A machine for plotting maps from high oblique air photographs has been 
developed under tne direction of the Associate Committee for Survey Research. 

It is designed for use in mapping to the small scales which meet ordinary 
Canadian requirements, and is not intended to compete with the more elaborate 
machines now in use for large-scale mapping. 

A short description of the plotter is given, and is followed by an account of 
two experiments, in the first of which it was used to produce a contoured map 
by a method that involved establishing the position of the camera at exposure 
from control points fixed by ground survey. In the second experiment the 
planimetry of a typical area in northern Canada was plotted, with no control 
other than altimeter elevations of the aircraft, and the elevation of a large lake. 

The time expended on these experiments was recorded, but in view of the ex¬ 
perimental nature of the work and the need shown for minor improvements in 
the machine, these results are not a true measure of the efficiency that may be 
developed in practical mapping. 

Introduction 

For some years Canadian survey officials have been investigating the 
optical-mechanical plotting of air photographs. The machines that have 
been developed in Europe and whose principal application is in the production 
of large-scale maps are inherently unsuitable for economically producing the 
small-scale maps chiefly in demand in this country. But there appears to 
be a field for simpler devices, extending or replacing the methods that have 
been practised in the mapping of considerable areas of the Dominion (1). 

Two years ago an Associate Committee on Survey Research was formed 
under the aegis of the National Research Council, on which committee all 
Federal Government services interested in survey were represented. The 
machine here described was first suggested by Major Bums, and subsequently 
developed by a subcommittee of this committee. It is to be regarded as an 
initial experiment in the use of plotting machines under the conditions govern¬ 
ing mapping in Canada. 

Purpose 

The High Oblique Plotter is simply a mechanical solution of the projective 
transformation of single, inclined photographs which include the horizon in 
the field of view. It is adapted for measurements of the horizontal and vertical 
angles which objects in the field subtend from the exposure point, and so can 
be applied to the resection in space of the camera station (exposure point, or 
perspective centre). If the same detail is visible in two photographs, the 
goniometric measurements can be used to extend control into inaccessible 
areas. The machine will also plot the position of detail, such as the shores 

1 Manuscript received June 26,1935. 
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Convenor, Subcommittee on Mapping Methods, Associate Committee on Survey Research , National 
Research Council of Canada . 

8 Supervisor , Physical Testing Laboratories # National Research Laboratories , Ottawa. 
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of lakes, streams, roads, etc., if the ground plane is sufficiently horizontal 
for errors arising from elevation differences to be disregarded. There are 
large areas in Canada where this can be done in mapping on the 1/253,440 
scale. 

Description 

Principle 

Fig. 1 shows the elements on which the design of the machine depends. 
S is the lens of the camera at a height H above the ground, and pq is a section 
of the negative, perpendicular to the line Sm = /, through the principal 



point m. 6 is the angle of depression of the photograph from true horizon- 
tali ty. QMP is a horizontal line on the ground. If positives are being 
considered, pmq is replaced by p\miqu where m\ is at a distance / from S. 
Should a horizontal plane be interposed at a distance h below 5, it is easily 
seen that the distances M } Qi and M\P\ are proportional to MQ and MP and, 
generally, that lines through 5 and points on the photograph will intersect 


the plane Q\M X P\ so as to reproduce, on a reduced scale, 



the .correct 


relative positions of the homologous points on the ground. 

Most, if not all, photogrammetric plotting machines of the direct observa¬ 
tion type embody (i) a telescope by means of which the direction of a perspec¬ 
tive ray may be re-established in space by observing a correctly oriented 
photograph, and (ii) a space rod, coupled to the telescope and/or photograph 
in such a way that as the telescope is directed upon an image the space rod 
moves a tracer which plots the corresponding ground plan of the homologous 
point. 

In this particular instrument the operation is simple, in that the telescope 
and space rod are connected by a parallelogram linkage so as to remain always 
parallel to each other, while both follow the direction of the perspective rays. 
The intersection of the axis of the space rod on a horizontal plane'will, there¬ 
fore, be the ground plan of the point on whose image the telescope is directed. 
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Construction 

The plotter is shown diagrammatically in Fig. 2 and photographs of it are 
reproduced in Figs. 3 and 4. In Fig. 2, AB is the vertical axis of the machine, 
rotating on a ball-bearing pivot at B and constrained by a ball-bearing journal 
at C. AD is the telescope, movable about a horizontal axis intersecting and 



rotating with AB at A. EFG is the space rod, movable about a horizontal 
axis intersecting and rotating with AB at F. The link DE completes a 
parallelogram. A screw HK on a horizontal slide rotating about AB with 
the parallelogram, operates a nut at G. The space rod passes through a sleeve 
pivoted to the nut. 

The photograph is fastened by clips to a platten, adjustable to permit the 
angle of tilt, 0, and the vertical and horizontal components of the known princi¬ 
pal distance to be set, the last two in reference to the axis at A . Similarly the 
height of the slide carrying the screw HK and the sleeve G is adjustable, 
permitting the distance h to be set correctly for the desired scale of plotting. 
Scales and verniers are provided for the control of these adjustments. 

It is easily seen that if the telescope is directed on the image of a point 
in a correctly set photograph of flat .horizontal terrain, the intersection of the 
axes EG and HGK will be the ground plan of the point to the scale set. For 
convenience this point of intersection is projected mechanically to the base of 
the plotter, where a pencil marks the position of the point being observed. 
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Two views of the High Oblique Plotter . 







26 


CANADIAN JOURNAL OF RESEARCH . VOL, 13, SEC. A. 


In operation the observer controls two handwheels, K and M. K moves 
the nut and sleeve G horizontally, while M rotates the parallelogram, slide, 
etc., about the axis AB , through the medium of a worm wheel and a pinion 
and sector. Cork inserts in the base permit paper or tracing cloth to be held 
in position. Graduated circles at A and L are fitted to measure vertical 
and horizontal angles subtended at A by points imaged on the photograph. 

Some consideration was given to the adoption of the Porro principle (2, 
p. 152), but a 9 the angular errors due to lens distortion were computed to be 
less than one minute, except near the edges, the simple telescope was adopted. 
With the low power used (about X3) very little focusing is required. 

Errors due to film and paper shrinkage, often different in the horizontal 
and vertical directions, may be more serious, but by adjustment of the photo¬ 
graph carrier to the equivalent principal distance in the important direction 
most of the trouble can be avoided. For example, when horizontal angles 
are required for resection, the principal distance is adjusted according to the 
shrinkage factor of the long dimension of the photograph. 

When the machine was constructed a jig was made for setting the principal 
point on the centre of the platten and at the same time bringing the image 
of the horizon to horizontality. This jig may be seen in Fig. 3 in position for 
adjusting the air photograph. Subsequent experience with the plotter 
showed that the setting could be controlled equally well, and more quickly, 
with the aid of the telescope; consequently the jig was discarded. 

Improvements 

While the machine fulfilled expectations as to precision and general facility 
of operation, the initial experiments described below indicated the desirability 
of some improvements which it is hoped to incorporate before further experi¬ 
ments are made. 

Goniometry. The measurement of depression angles is too slow, and would 
be expedited if the telescope were made so that it could be uncoupled from 
the link DE and provided with a clamp and tangent screw or equivalent device. 
Azimuth angles can be set quickly by operating the handwheel M . 

Adjustment for scale of plotting . A screw should be provided so that the 
scale setting for the height of the slide HK can be more readily effected. 

Scales . For convenience all scales should be readable from one side of the 
machine and provided with magnifiers. 

Photograph carrier . The photograph carrier was designed with a view to the 
simplest construction possible. Experience has shown that a more elaborate 
carrier would be desirable. It is proposed to retain the present carrier for 
pictures of other than 8 in. principal distance and to construct a new carrier 
for this distance, as the main use of the machine will be with 8-in. photographs. 
The proposed carrier will be supported from two vertical arms on the main 
yoke frame of the machine, the angle of tilt will be set directly about an axis 
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intersecting A (Fig. 2) and the principal distance will also be set directly. 
A special feature of the proposed carrier is a table rotating about the principal 
point, permitting radial (position or swing) angles to be observed. Angles 
subtended at the principal point are of special significance in the calibration 
of tri-camera sets for oblique photography and in the radial line method of 
plotting vertical photographs. This swing adjustment will also facilitate 
the setting of the photograph relative to the horizontal. It is also suggested 
that the new carrier be made with a glass centre, permitting the observation 
of films and transparencies in the machine. 

Experiments with the High Oblique Plotter 

Two experiments in which maps were produced with the aid of the plotter 
were conducted by the Geographical Section, General Staff, Department 
of National Defence, Ottawa. A description of these follows. 

First Experiment: Meach Lake Area 

The first experiment carried out was the contouring of a piece of hilly 
country near Ottawa. The map produced is shown in Fig. 5, which also 
indicates the system of photography. Pairs of stereo obliques were taken 
at intervals of about one mile, at right angles to the flight line, which was 
parallel to Meach Lake—Old Chelsea. Every fifth photograph was taken at 
45° to the line of flight, to give intersections for position. The camera used 
was a Williamson Eagle Mk II, 7 X 8 X 8.29 in. (/). It was carried in an 
"Eyrie” mount, which for the map maker’s purpose had the disadvantage that 
the long side of the photograph was vertical, thus giving a narrower angle 
for resection of the exposure position. 

Primary control consisted of a traversed and leveled road in the foreground, 
and a number of points in the background (five to eight miles distant) con¬ 
sisting of road comers, etc., in the plain lying to the other side of the hill 
ridges. 

The first step was to select the points that would be needed as control for 
contouring under stereoscopic examination, and mark them on three photo¬ 
graphs, including one taken at 45°. 

The photographs were then set in the plotter, the angle of tilt having been 
computed from the visible horizon. Readings of vertical and horizontal 
angles were taken to control points, usually at least four, one pair in the fore¬ 
ground and one pair in the background. The directions to these points were 
plotted by the machine on tracing paper, which was used for resection of the 
plumb point. The height of the aircraft was then computed from the vertical 
angles to the control points, and the horizontal distances. Usually small 
errors in tilt and swing setting were disclosed, which allowed the necessary 
corrections to be simply computed. Captain D. Crone, R.E., of the Survey 
of India (4) and Mr. O. M. Miller of the American Geographical Spciety (3) 
have both furnished solutions for this problem. The photograph was reset, in 
accordance with the corrected tilt and swing, and check readings were taken 
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to the control points. When the heights of the exposure point as recalculated 
showed a satisfactory agreement, vertical and horizontal angles were measured 
to all the contouring control points which had been marked on the photograph. 
The points were also plotted on a piece of tracing paper in the machine, but 
as their heights were unknown, these plotted positions gave directions from 
the plumb point only. 

When several photographs had been measured in this way, the plots on 
tracing paper were laid down on the control sheet, on which the photograph 
plumb points had already been marked, and the intersection of the rays to the 
height control points gave their plan positions. The heights of the points were 
then computed from three photographs. Agreement of the three values showed 
whether there were any serious errors in the operation. 

After all thecontrol points had been heighted, the photographs were contoured 
under a stereoscope. It may be mentioned that stereo obliques, owing to 
their necessarily smaller bases, provide an impression of relief much inferior 
in comparison to the usual verticals; this resulted in the interpolated contours 
being considerably poorer than the contouring would have been on vertical 
photographs with the same number of spot heights. The final step was to plot 
detail and contours of each photograph in the machine, and compile these 
plots on the control sheet. 

Methods of Checking and Results 

The finished map was checked by fixing hilltops and other prominent detail 
by plane table intersection and heigh ting by Indian clinometer; also by traverse 
with batteries of aneroid barometers, corrected by stationary barometer 
readings. 

It was soon apparent that the heights of the control points fixed from the 
photographs were quite good, but that the height representation by* contours 
in areas where there were no spot heights was less satisfactory. In checking, 
it was not easy to identify positively on the ground the points which had been 
heighted from the air, which might, for instance, be distinctive trees, etc. 
However, some forty points were identified and checked, and the "results 
showed that the “probable error” of the method was ±15.6 ft. A number 
of other points, a few hundred yards from the photograph control points, 
were heighted, and the heights compared with the elevations shown by contours. 
The results of this series combined with the first showed a “probable error” of 
±25.6 ft., the large increase being due to two errors of over 100 ft. 

The object of the experiment was to provide a method of contouring at a 
100 ft. interval from oblique photographs, suitable for a limited area. So 
far as accuracy is concerned, this object could be said to be attained, the 
resulting map being about of the same standard as those of similar country 
done by ground methods. As regards the time required, the result was less 
satisfactory, about twenty days having been needed for the w<xk, which 
covered only IS sq. miles; i.e., considerably longer than it would take if done 
by plane table. Of course, it was the first attempt with the method, and it is 
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probable that, with certain minor improvements in the machine and with 
further experience, the time might be cut down to 10 or 12 days. Further¬ 
more, more useful results might be obtained in more mountainous country, 
where the relief would run up several thousand feet, instead of some eight 
hundred, as in the Meach Lake area. 

It is, however, clear that no method of detailed plotting and contouring 
hilly country from single photographs, in which points have to be identified 
separately, will be able to compete in economy and accuracy with stereoscopic 
methods. And furthermore, it is probable that vertical photographs taken 
with multi-lens cameras will largely supplant the high oblique for small-scale 
mapping in Canada. But there may remain certain uses for oblique photo¬ 
graphy in obtaining spot heights in inaccessible country. 

Captain Crone (4) has developed a method of dealing with the case where 
some comparatively distant control points for the photographs, in inaccessible 
territory, can be obtained by instrumental intersection from the ground. 
But maps might be required of areas where such distant instrumental control 
would not be possible,—as when a ridge interposed between accessible territory 
and the ground it was desired to map. In such a case, it might be feasible 
to use a method employing obliques, taken simultaneously with three coupled 
cameras, similar to the following. 

Coupled oblique photographs are taken as in Fig. 6, so that the area each set 
covers lies partly in accessible territory and partly in inaccessible territory. 

The control points in accessible 
territory would permit the re¬ 
section of the exposure position, 
and also enable the tilt of the 
triple photograph to be computed 
in the directions parallel to, and 
at right angles to, the “boundary”. 
Rays could then be projected to 
intersect at suitable points for 
control in the inaccessible terri¬ 
tory. In principle, the rays pro¬ 
jected to the unknown points 
should be balanced by rays of 
equal length projected to known 
points. 

The accuracy attainable with 
this type of aerial triangulation 
would depend on various factors:— 
limits of accuracy of the gonio¬ 
meter; the distortion in photographic materials; resolving power of the lens 
and emulsion; tfie visibility when the photograph was taken; and the 
character of the object chosen for intersection, considered as a target. 
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Experiments in this type of control extension into inaccessible country are 
being put in hand in Canada. It is intended only to fix a minimum of control 
points by this means, planimetry and relief detail being filled in from stereo 
verticals. 


Second Experiment—Great Slave Lake 

The coupling of three cameras has provided the means for strengthening 
the plotting of oblique photography. Previously the three photographs of a 
“fan” were taken in rapid succession with the same camera; they had, therefore, 
separate exposure points, though the planimetry plotted from them could be 
tied together through the overlap to a sufficient degree of accuracy*. Direc¬ 
tion of the series was maintained by azimuth lines passing as nearly as possible 
through the plumb points of the centre pictures and continued from one 
picture to another. 

Now, however, the three coupled cameras are exposed at the same time, and 
hence have a common exposure point. They can also be calibrated so that 
the angular relations of their optical axes are known. The result is that 
one may plot a sector of ground covering about 165° in plan and extending 
to the limits of visibility, as if it were all on one photograph. With this 
wide angle of view, given suitable control, strong resections may be made. 
And with several parallel lines of photographs, a system of resection and inter¬ 
section may be worked, to give a good aerial triangulation, in a manner 
similar to the radial line method with verticals. 


Ai Bi Ci 



In Fig. 7, B\ and C\ are control points fixed by ground methods a, 6, c 
are each triple photographs resected from this control by the rays shown in 
dotted lines. Then At, B* and Csare intersected from a, b and c. a', &' and 
c ' are then resected from the points already established, and At , B% and C% 
intersected, and so on. ** 

*For details of plotting methods see Reference (1) . 
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It will be seen that such a triangulation can give accurate results (within 
the limitations of graphical methods) despite differences of elevation in the 
ground being mapped. This would be a considerable advance on the original 
high oblique method, where it has to be assumed that the ground being mapped 
is a horizontal plane. When it was not a horizontal plane, scale and position 
errors arose. 

In plotting country where elevations differ to any great extent, it would be 
necessary to intersect all detail, in order to fix its position correctly. But in 
Canadian practice, where detail consists mostly of lakes and rivers, the 
drainage gives clues to levels which enable the detail to be adjusted to its 
proper position without such a multitude of intersections. 

As an experiment in this method, an area at the east end of Great Slave 
Lake was plotted with the High Oblique Plotter. Conditions were not the 
ideal ones shown in the diagram; the lines of photographs were, so to speak, 
in echelon, instead of being abreast of one another. As suitable control was 
not available, the plot was started by working along the shore of Great Slave 
Lake, and using the points so fixed for subsequent resectjon of the inland 
photographs. 

Some 325 sq. miles in all were plotted, and so far as it is possible to judge 
without check on the ground, the method suggested above is a practicable 
one. The resulting plot is shown in Fig. 8. It was found that certain alter¬ 
ations of the machine (as already mentioned) would be desirable, in order to 
increase speed and accuracy of working; but, in essentials, the apparatus 
will do what was expected of it. Resections and intersections fitted well, and 
the shapes of features were accurately rendered in plotting, the latter fact 
being proved by the agreement of plots of the same feature from different 
photographs. 

The production of a map could, it is estimated, be carried out at a rate of 
about three square miles per working hour. The actual plotting of detail 
on a single photograph, which usually covers about six square miles, takes 
about thirty to forty-five minutes, including setting the photograph. It is 
considerably easier to plot distant features than with the perspective grids, 
and the result is more accurate. 
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DIRECTION FINDING OF ATMOSPHERICS 1 

By John T. Henderson 2 

Abstract 

The results of one summer’s observation with a cathode ray direction finder 
and an automatic recorder to locate the bearings of atmospherics are given and 
discussed. 

It appears that storm areas or areas of low barometric pressure are responsible 
for many of the observed atmospherics. The feasibility of utilizing the method 
as a means of weather forecasting is suggested. 

The important and deleterious influence of atmospherics upon radio signals 
has been recognized since the earliest days of wireless communication, and of 
late considerable attention has been paid to the meteorological conditions 
that appear to influence their origin and behavior. One method of attacking 
the problem, developed principally by the Radio Research Board of Great 
Britain, has been to study the individual atmospheric. Amongst other 
properties examined the azimuthal bearing of each atmospheric has been 
observed and recorded simultaneously at two stations separated by a long 
distance on the earth’s surface. It is thus possible to state the point of 
origin of each atmospheric after making reasonable assumptions regarding 
its propagation. Hence by determining the points of origin of a large number 
of atmospherics, a statistical examination can be made of any correlations 
that may exist between the source and local or general weather conditions. 

Prompted largely by the success of the work in Great Britain, it was decided 
to carry out preliminary observations with a similar direction finder to acquire 
some experience of local weather conditions, and to determine the value of 
establishing two such stations in Canada. 

Apparatus 

(a) Cathode Ray Direction Finder 

The apparatus used was designed and constructed by the Radio Research 
Board of Great Britain and is a duplicate of the apparatus in use there. The 
cathode ray direction finder, which is the instantaneous reading instrument 
used to determine the bearings of individual atmospherics, has been adequately 
described (6). The principle of its operation is briefly as follows: Two frame 
aerials are mounted with their planes vertical and oriented one in a north 
south direction and one in an east-west direction and adjusted so that the 
loops are electrically, as well as geometrically, at right angles to each other, 
to ensure that there is no mutual effect of one loop on the other. If an in¬ 
coming signal makes an angle 6 with the meridian, the voltage in the frames 
will be k sin 6 and k cos 0, where k is a constant. The signals picked up by 
the two frames are amplified by two identical amplifiers having equal gains 

1 Manuscript received August 31 , 1935, 

Contribution from the Division of Physics , National Research Laboratories , Ottawa , 
Canada. 
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and imposing equal phase displacements on the incoming signal, so that the 
ratio of the outputs of the two receivers is identical with the ratio of the 
input. The signal from the north-south frame, after amplification, is im¬ 
pressed on the vertical deflecting plates of a cathode ray oscillograph, and 
the signal from the east-west frame is impressed on the horizontal deflecting 
plates of the oscillograph. The oscillograph spot will thus be deflected in a 
direction making the same angle with a vertical deflection that the original 
signal makes with the north-south meridian, namely, 6 degrees. The receivers 
are superheterodynes and the beat oscillator is common to the two units, this 
being a necessity if phase relations are to be preserved. A test signal can 
be injected into the frames to check the equality of the amplifiers. The gain 
can be altered over a wide range, and an adjustment to ensure phase equality 
at all gains is provided. The face of the cathode ray tube can be calibrated 
so that each deflection indicates the bearing of an atmospheric instantaneously. 
A protrator circle, drawn on the oscillograph tube, is marked at 10° intervals 
by impressing voltages whose magnitudes are proportional to A sin 0 and 
^4cos0, in 10° steps, from a special potentiometer, and the instrument can 
thus be used for direct reading visual observations. 

The observational procedure is to adjust the receivers at some suitable 
value of amplification determined by the frequency of the atmospherics and 
to photograph them as they appear on the cathode ray tube. A lens focuses 
the spot on a moving film so that the record is a series of lines at various 
angles indicating directly the bearing of the atmospheric (see Fig. 1; the 



s Fig. 1. Sample C.R.D.F. Record. 

reproduction lacks much of the contrast obtainable when the film is projected), 
the zero position of the spot being masked, as the north-south deflections 
would not otherwise show on the record. The film having been run down¬ 
wards for about a minute, it is moved transversely and run upwards. * Three 
or four traces can be obtained in this way, resulting in considerable economy 
of film. If more than one observing station is being used, then exact syn¬ 
chronism of observation is essential, but for the single station observations 
here discussed, it suffices to make the observations daily at aboit noon. 
The observations suffer from the usual 180° ambiguity of other direction 
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finders, and from the customary site errors and propagational errors of any 
direction finder, although the last two are minimized by the very long wave¬ 
length used (30,000 metres). 

(b) Recorder 

Supplementing these determinations on individual atmospherics, an auto¬ 
matic recorder, also constructed for the author by the Radio Research Board 
of Great Britain, was used to give an indication of the predominant direction 
of arrival of atmospherics, and to follow the movements of the major source, 
or sources. In this instrument two frame aerials are arranged 90° apart, 
with their planes vertical and so that they can both rotate about the same 
vertical axis. The loops are turned by a clockwork motor at a rate of four 
revolutions per hour. The signals induced in these frames are amplified 
through two similar amplifiers. The pen of a mechanical oscillograph moves 
up and down and makes a trace on a piece of paper placed over a drum. 
This drum is driven synchronously with the rotating frames, and for each 
rotation travels a small distance axially downwards, so that the trace of the 
pen if undisturbed would be a spiral traced on the paper. < The pitch is such 
that the lines are nearly parallel to the bottom edge of the paper when it is 
removed from the drum. 

The signals from one amplifier, called the opposing set, move the pen 
downwards; those from the other, the recording set, move the pen upwards. 
A stop is fitted to inhibit motion of the pen downwards and the resultant 
combination gives a direction finder that wall accept signals only over a narrow 
sector. To remove the usual ambiguity of 180° the signal from a vertical 
aerial is added to that of the recording frame, making due allowance for the 
phase shift of 90° required, thus giving the familiar cardioid diagram type of 
response. The net result is an unambiguous direction finder accepting signals 
over about 40°. The charts are changed daily and little attention is required. 

Results 

Preliminary tests in October, 1933, having shown that the main laboratory 
of the National Research Council was an unsuitable location for the direction 
finders, they were installed during the early part of January, 1934, in two 
field huts at Rockcliffe Aerodrome, about six miles outside Ottawa. Although 
this site is not an ideal one, it was the only place available at the time. A 
few observations were made during the winter but it was found impossible 
to start regular work until the middle of May. 

During the period May 25 to August 7, an attempt was made to take daily 
observations, Sundays excepted, at approximately eleven o’clock in the 
morning (Eastern Standard Time). Observations were made on 57 of the 
63 working days, and on some favorable occasions it is possible to deduce the 
sense of the C.R.D.F* observations from examination of the recorder charts. 
Unfortunately this is definitely possible for only 28 of the 57 days. 

*This abbreviation is used throughout for cathode ray direction finder. 




Fig. 2. Principal directions , observed June 27, 1934. 
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The atmospherics were photographed for four minutes. With the ampli¬ 
fication customarily employed this provided a large number of data, the reduc¬ 
tion of which is rather laborious, as the film must be projected and the 
bearing of each atmospheiic determined separately. Although the time of 
observation may appear to be short, it is felt that it was long enough to give 
a good idea of the predominant conditions existing at 11.00 a.m. each day, 
and hence, to compare conditions as they exist from day to day. 

As a rule the bearings so found can be grouped around half a dozen directions 
with a dispersion of only a few degrees. These in turn generally resolve them¬ 
selves into one or two principal directions that are more or less a mean value 
for a much larger dispersion of readings. The departure of individual values 
from these principal directions may be large (about 15°) but, because observa¬ 
tions from only one station are available, it is thought better to consider 
these rough averages, rather than attempt at present to deal with the more 
sharply defined directions, each consisting of a much smaller number of 
observations. The sense of the principal direction can be given only in a 
limited number of cases. 

These principal directions can be plotted on a map* and the indications com¬ 
pared with the general weather conditions. When this is done it is found that 
the directions usually pass through, or close to, a low pressure area. Often 
when two principal directions are found they both point to the edges of such 
a region, such that if the low were a circle, the lines would be two tangents 
to this circle from Ottawa. 

An example is seen in Fig. 2 which shows the results for June 27, 1934. 
In this case the principal directions have simply been drawn in roughly on 
a weather map to illustrate the point. Obviously great circles are not straight 
lines on such a projection as this one, but the method is good enough for a 
pictorial representation of what is happening. The sense of the more prom¬ 
inent source, judging from the number of atmospherics and the recorder chart, 
is indicated by the arrow and points to the Lake Ontario-Lake Erie region. 
Numerous thunderstorms are indicated on the map for this locality, so that 
the storms are undoubtedly the points of origin of the disturbances. In this 
case the second direction drawn on the map is not easily interpretable, as a 
number of possibilities might be taken, but the weather map for the following 
day shows thunderstorms in the vicinity of Cochrane, so that it is probably 
northwesterly. 

A second example is shown in Fig. 3. Here the principal direction points 
to the edge of a low, which would lead one to expect the area to be moving 
with this as the leading edge, because this is frequently the case. Actually 
the low was moving in the direction shown by the arrow at the top of the 
page. 

Table I gives the results in synoptic form for the period under review. The 
bearings are given in Column 3 and the area that appears to be associated 
with the atmospherics is indicated in Column 4, together with an apfkoximate 

*Daily weather map prepared by Dominion Meteorological Service . 
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TABLE I 

Summary— C.R.D.F. observations 


Date 

Ob*. 

Azimuth 

Probable source of atmospherics 

May 

■ 



25 

EH 

5° 

Low. moving north with thunderstorm (Norfolk, Va.) 

26 

BE 

35° 

Low, moving north 

27 

M 

— 


28 

a 

155°Pi; 75°Pi 

(Low moving W. by N.)Pi (?)Pi 

29 

M 

— 


30 

■ 

165°Pt; 35°P* 

Lows and thunderstorm 

31 

ip?; 

132°Pr, 60°Pi 

(Advancing low)Pi; (Low, centre of )Pt 

June 

■ 



1 

1 

165° 

Seems to be high or edge of moving low. Doubtful 

2 

BE 

— 

Directions scattered. Low centered over Ottawa 

3 

M 

— 


4 

M 

— 


5 

a 

65° 

(Thunderstorm and low edge), same direction + 180° « low 

6 


65°Pi; 160°Pj 

(Thunderstorm, Lake Erie)Pi, many small X's; Local thunderstorm 

7 

M 

— 


8 


115° 

Low edge— Note: High centered over Ottawa 

9 

a 

105° 

Local tunderstorm 

(Low centre, near Duluth, and thunderstorm)P 

10 

M 

_ 

(Many thunderstorms shown over Great Lakes area 

11 


120°Pi; 90°Pj 

(Between two lows) Pi. (Low edges) P* and P* 

12 


35°P,; 165°Pi 

(This low moving east towards Ottawa, directions to two ad¬ 
vancing sides of same area) 

(Low edges)Pi and Pi 

13 


130°Pi; 85°Pt 

Local thunderstorms and low over Ottawa 

14 

a 

105®Pi; 20°Pa 

(Low edge)Pi (Low centre)P» 

Low edge 

15 

a 

85° 

(Low near Nova Scotia) or (Thunderstorms near Kansas City and 

16 

a 

107°Pi; 20°P* 

North Platte) 

(Low edges and thunderstorms) or (Low centre) 

17 

M 

• 


18 

a 

40°Pi; 135°Pi 

(Low and low edge) or (two high centres) 

19 

a 

55°Pi; 110°P» 

(Low edges) 

20 

NJB. 

160° 

Runs between high and low area— doubtful 

21 


55° 

Local thunderstorms, low centre near Ottawa; (Lakes Ontario 

22 

23 

24 

25 

M 

75°Pi; 115°Pi 

and Erie)Pi; thunderstorms prevalent on Lower Lakes 
Recorder points to low edge 

No. C.R.D.F. Recorder points to high centre but low and thunder¬ 
storms at 180° away 

(Low and thunderstorms)Pi; (Through high to low edge and 

26 


135°Pi; 75°Pt 

thunderstorms) Pj 

(Rainy regions near Boston)Pi; (Low edge near Erie or low edge 

27 


145°Pi ; 55°Pa 

near Anticosti) Pi 

(Low near Detroit, thunderstorms)Pi (?)Ps 

28 


45°Pi; 145°Ps 

(Vicinity N.Y. City; thunderstorms near Norfolk)P 

29 


105°P*; 135°P y 

(Low or Lake Erie) Pi 

(Thunderstorms, near Duluth)P,; (Thunderstormsnear Boston)P„ 

30 


75° 

Low over Newfoundland 

July 




1 

N.B. 

.****>#? l|45 0 Py 

(Lake Erie)P* (N.Y.City, thunderstorm near Norfolk)Pi 

2 

3 

U 

135° 

(directions + 180° point to edges of one low) doubtful 

(Low edge or Boston and rain)—A few thunderstorms reported 

* 


55°Pii 165°Pj; 105°Pi 

elsewhere 

(Thunderstorm, N.Y. City)Pi; (Thunderstorm, Boston)Pi 

5 


155° 

(Thunderstorm, Lower St. Lawrence)Pa 

Low edge 

6 


135°Pt; and 45°P* 

(Low edge, distant)Pi; (Thunderstorms over Lake Erle)P* 

7 


80°Pi; 135°Pi 

Low edges 
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TABLE l—Concluded 
Summary— C.R.D.F. observations 


Date 

Ob*. 

Azimuth 

Probable source of atmospherics 

8 

M 



9 


65®Pi; 170°P« 

(Lake Erie; rainy)Pi (N.Y. City, rainy)Pt 

10 


Possibly 170°P, 

Directions varied, possibly low 

11 

N.B. 

125° 

(Distant low.) Misses many thunderstorms on Lakes Ontario 




and Erie 

12 


170° 

(Distant low). Misses many thunderstorms on Lower Lakes 
(Local thunderstorms predicted both July 11 and 12) 

13 

M 



14 


145°Pi; 55°Pi; 15°P a 

(Low, Norfolk)Pi; (Thunderstorm, Lake Erie)Pi; (Low edge)Ps 

15 


55°Pi; 145°P* 

(Low off coast N.Y.) Pi (Gulf of St. Lawrence thunderstorms 




near Cape Breton Island and low centered north of Gulf; but 
same directions -4- 180° Lower Lakes and thunderstorms)P* 

16 


95°Pr, 165°P, 

(Thunderstorms in Maritimes)Pi (?)Pi 

17 

a 

75°Pi; 135®Pj, 20°Pj 

(Thunderstorms over P.E.I.)Pi 
(Thunderstorms near Norfolk)Pt; (?)P* 

18 

0 

5°P,; 105°P, (155°P,) 

(Norfolk, rainy, edge of high)Pi; (Thunderstorms. St. Paul, WIs., 




or low edge, N.S.JPi 

19 


125°Pi, S°P, 

Thunderstorm and low. Port Arthur, Ont. 

20 


65°Pi; 15° Pi 

(Thunderstorm, Lake Erie)Pi; (thunderstorms in Laurentians, 




north of Quebec City) 

21 


165°P.; 55°P: 

(Low near Detroit)Pi; (N.Y. and rain)Pi 

22 

M 

— 


23 

a 

155° 

(Low near Norfolk) or high 

24 

a 

95°P,; 145°Pi 

(Through high to receding low)Pi; (Advancing low)Pi 

25 

a 

1S5°Pi; 75°Pj 

(Advancing low of 24/7/34)Pi (?)Pi 

26 

M 

— 


27 

M 

— 


28 

M 

— 


29 

a 

145°Pr, 35°P* 

(Edge of low)Pi and Pi or (N.Y. City, rain)Pi; (Atlanta, Ga., 




thunderstorm) P, 

30 

a 

20°Pi; 140°Pi 

Low centered over Great Lakes. Pi and Pi probably to edges of 




this low 

31 

a 

145° 

(Thunderstorms and low) 

Aug. 




1 

a 

145°Pi, 25°P S 

(Thunderstorms near N.Y. City)Pr, (low)Pi, probably 

2 

a 

135°Pi 

(Low)Pi; (Thunderstorms over Lake Superior, low centre)P, 

3 

a 

65°Pi and 155 0 Pi 

(Thunderstorms, Lake Erie) Pi (Thunderstorm, N.Y. City)Pi 

4 

a 

65°Pi and 145°P* 

(Lake Erie or St. Lawrence and low)Pi; (Low, James Bay)Pt 

5 

M 



6 

M 



7 

a 

65°P, and 145°P, 

(Low) Pi (Low, James Bay) Pi (Probable) 


Note: M in Column 2 * observations missing, a in Column 2 « ambiguous directions by 
180°—no sense. 

Where two principal directions Pi and Pi were found , the locations of the corresponding 
sources are shown as (Source 1)P\: (Source 2)Pi 

When one direction only is given for the ambiguous cases , only the more probable direction 
is shoivn. 

indication of its position. When more than one principal direction was 
observed the probable source of each is indicated, the various directions being 
differentiated by suffixes, as Pi, P 2 , etc. (The numerical incidences on one 
or two days being about equal from two sources, they are simply called P* 
and P y .) When an alternative source is indicated for a given direction this 
refers to the direction observed + 180°, and for these cases the first source 
given is considered the more probable. 
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It will be seen from Table I that the sources of the electrical disturbances 
are apparently located in thunderstorm or low pressure areas. It is well 
known that thunderstorms produce atmospherics, and lightning is considered 
by many workers to be their only source. There is nothing in the present 
series of observations to contradict this viewpoint, for there may have been 
unreported thunderstorms present. Again it is quite possible that there 
may have been invisible electrical discharges occurring in areas where thunder¬ 
storms were not fully developed, yet which were of sufficient intensity to 
cause severe interference in a radio receiver. If one assumes that these lows 
or thunderstorms are the sources of atmospherics, then the correlation shown 
in Table I is very high. 

If one assumes that high pressure areas, rather than low, were associated 
with the sources of atmospherics, then a much less satisfactory correlation 
is obtained. In fact, these observations fail to point to thunderstorms or 
lows in only three instances. On two consecutive days the directions, although 
pointing to a distant low area in the northwest, show little indication of very 
much disturbed conditions over the Lower Lakes, where many thunderstorms 
were reported. It is, of course, quite conceivable that a local storm occurred, 
though it is not indicated on the map. This would mask the true predominant 
direction. (Local storms were in fact predicted over wide areas for both 
days, July 11 and 12.) On the third occasion the sense, as found from the 
recorder, is exactly opposite to what one would expect (June 23). 

If the lack of correlation for the two days be due to local thunderstorms, 
then the method is obviously one of considerable promise, and the w r ork should 
be continued with at least two stations and preferably a netw r ork of stations 
over the whole continent. Stations at, say, Ottawa, Winnipeg, and possibly 
somewhere around Kansas City would give a very good idea of conditions 
over the inland portions of the continent, and would be strategically placed to 
observe the conditions around the Great Lakes. 

Discussion 

The C.R.D.F. used for these experiments is capable of considerable accuracy, 
this being about ± 1° for individual deflections of the order of three centi¬ 
metres on the oscillograph tube, decreasing slightly with decreasing deflection 
of the spot. No account was taken of the site errors of the direction finder,, 
but these would have to be determined in any more extensive program. 

Rectilinear propagation is tacitly assumed for all the electromagnetic dis¬ 
turbances, but when the incoming atmospheric has an abnormal component 
of polarization it will appear as an ellipse on the tube. These elliptical patterns 
were ignored in the present work, and it is believed that the results are not 
appreciably affected by so doing, as only about 15% of the traces of the 
total number of atmospherics observed are not straight lines. 
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The errors due to abnormally polarized components are discussed by Munro, 
Webster and Higgs (4), and, although they show from theoretical considera¬ 
tions that very large errors in bearing are possible, they consider that their 
results (obtained using two stations to locate the source) are not in error 
by more than 3° for distances exceeding 200 km. Less distant sources can 
give rise to greater errors but the author is inclined to the opinion that this is 
not such a serious matter, because the greatest advantage of the C.R.D.F. as a 
meteorological instrument is its ability to give some indication of conditions 
over large, sparsely populated land areas or over sea areas, along the coast 
line, where meteorological information is meagre or non-existent. 

To locate a source by triangulation it is, of course, essential to have at 
least two stations observing simultaneously, and it would greatly facilitate 
interpretation of the results if the sense of the bearing were indicated. Inas¬ 
much as only one station was used in the present series of experiments we are 
handicapped in estimating the true location of the source, but where two- 
station observations have been made, viz., in Great Britain (5, 6), Australia 
(3, 4), and the United States (l, 2), the results indicate that the foregoing 
locations of the sources are reasonable and correct. 

It is understood that a network of C.R.D.F. stations is to be established 
around the Gulf of Mexico by the U.S. Navy and by the Universities of 
Puerto Rico and Florida, for the purpose of locating hurricane areas. The 
success of the British and Australian results with C.R.D.F. observations 
lends very strong support to the viewpoint that a network of such stations 
in Canada would be of use as an aid in weather forecasting, particularly in 
the unsettled northern districts or off the Atlantic and Pacific coasts. Probably 
six stations would ultimately be required, but a second station at present 
should enable the value of the method to be properly estimated. The im¬ 
portance of exact knowledge of weather conditions to the various air services 
of the country is obvious, and the cathode ray direction finder appears to 
be a useful aid to the meteorological services. It is hoped that it will be 
possible to continue the work in the near future. 
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OSCILLATIONS IN THE SPARK FROM INDUCTION OR 
IGNITION COILS AND THEIR SUPPRESSION 1 

By R. Ruedy 2 

Abstract 

In the low-voltage stage of the spark, the current depends on the solution of 
a cubic equation, and has therefore in general one strong aperiodic and two 
alternating components. When the ratios cn *= R\/L\ of the primary and at = 
Rtf l* of the secondary arc kept small compared with the natural angular 
frequency t*>i of the primary, damped electrical oscillations of frequency 
o>i(l — **)"* are set up in windings, even when the voltage at the spark gap is 
constant. With larger values of a 2 and if necessary higher coupling factors, 
k, the frequency of the oscillations decreases and near the point at which 
(«i a 2 )V3(l — k*)w i* becomes smaller than unity, the discharge becomes 

aperiodic, or under certain conditions, intermittent. Rapid changes of short 
duration cause the wires leading from the spark to the coil and portions of the 
coil to oscillate, the leads acting as antennas rather than as circuit elements with 
uniform distribution of the current. In the aperiodic stage the current behaves 
as if it were independent of the primary. 


Introduction 

It is difficult to investigate the current in the spark discharge because in 
less than a microsecond it may change from the dark stage, or from a brush 
dicharge, to a glow or an arc. Since ionization takes place along a narrow 
path, space charges accumulate in such a way that the resistance of the 
gap rapidly falls from infinity to a low value. Finally the drop in the discharge 
voltage stops, however, at the potential of the glow or the arc. 

The difference between the early, high voltage, and the later, low voltage, 
stage of the discharge across a short gap becomes enhanced in the case of the 
ignition coil. When the strong primary current, a few amperes, is suddenly 
interrupted, or more accurately reduced in strength, the high voltage in 
the secondary—about 6000 volts for 0.3 mm. gaps—causes breakdown of the 
air. The rate at which the voltage across the secondary rises from zero to 
the sparking potential is governed by the intensity of the primary current 
and the constants of the coil. As a rule, the Drimary current is so^chosen 
that the voltage produced is much higher than the potential required to 
break down the gap, since a higher tension sharply reduces the lag between 

1 Manuscript teemed June 7 t 1935 . 

Contribution from the Division of Research Information , National Research Laboratories, 
Ottawa , Canada . 

* Research Investigator , National Research Laboratories . 
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the time of applying the voltage end the passage of the discharge. The 
work dissipated by the spark proper is relatively small; with an average 
potential of a few thousand volts, a current not greater than a few milli- 
amperes and of a duration of one microsecond, it may amount to not much 
more than one microjoule or 0.24 microcalorie, whereas the energy stored 
in the coil is 0.01 joule, even if the primary inductance be only about 0.01 
henry and the current one ampere (1,4). The discharge of the large amount 
of energy stored in the coil is then completed in the path remaining conductive 
after the passage of this initial or capacitive stage of the spark, for which 
the curve obtained by plotting voltage against current drops sharply. In 
ft* •econd, the so-called inductive stage of the spark, the voltage may on 
the contrary, as many tests have shown, remain perfectly constant, at a few 
hundred volts, or change only slightly, despite increasing or fluctuating 
currents. This behavior reveals the fact that the initial spark which fires 
the combustible mixture in an ignition engine is followed by a true glow dis¬ 
charge (or in some cases, an arc), at atmospheric or higher pressure. The 
low-voltage stage presents all the components of the glow discharge as they 
are known from experience with neon tubes; for instance,,the negative glow, 
the dark space (0.3 mm. wide) the positive column and, in air, a bright reddish 
anode glow (4, 8). 

Since the primary possesses capacity and self-induction in parallel, the 
sudden break of the current causes electrical oscillations to be set up which 
are transferred to the secondary circuit. Experience leaves no doubt that 
the operation of an ignition or an induction coil interferes in general with the 
reception of radio waves in three very wide regions: (a) in the range of short 
waves higher than 10 Me. (less than 30 metres wave-length), (b) in the 
entire band from 1500 kc. (broadcasting frequencies) to about 100 kc., and 
(c) in the higher range of audio frequencies. 

In order to be able to suppress the vibrations, it is necessary to know where 
they have their source. Interference in the short-wave region is due simply 
to oscillations set up at the breakdown of the gap owing to the agreement 
between the duration of the breakdown proper and the natural period of that 
portion of the circuit that consists of the spark and the wires, 30 to 100 cm. 
long, leading from the spark to the ends of the secondary. The current is 
strongest near the spark and decreases toward the coil, the wires oscillating 
as half-wave dipoles, so that a small change in their length affects the frequency 
that is radiated (5). A glance at the constants of the coils used furthermore 
suggests that the period of the oscillations in the audible range is determined 
by the coil oscillating as a system of two coupled circuits (1). It remains 
to examine in more detail the influence of resistance often introduced in the 
secondary in order to damp the oscillations. The origin of the broadcast 
frequencies, finally, which in practice are of particular interest, has remained 
obscure and requires a more complete analysis of the circuit than has hitherto 
been attempted.* 
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Theory of Audio Frequencies Produced by the Coils 

The conditions to be studied are those that follow the extremely brief 
opening stage during which the voltage drops to a virtually constant value, E». 
At this moment the primary current, i\, is equal to i p at a voltage e p ; the 



secondary current, is equal to i,. When L u Li, Ci and C* are the primary 
and secondary inductances and capacities (Fig. 1), and M the coefficient of 
mutual induction, the circuit equations are: 

+ "'Iw + **(& +a (* ! ) ■ “• 

Providing that the potential across the spark, in the general case a function 
of the current i 2 — dq^/dt, is virtually constant, the equations may be 
written in the form. 

(L t D* + R X D + 1/Ci)$i + MD*q t - 0 
(L*D* + RtD)® + MD*qi + E • 0. 


Eliminating q x and putting M 2 = K 2 L\Lt, an equation for is obtained: 
(*<>-*,+(£ + £;)*+ (££ + <£;)'>■+£§)* - - Z r| 5 , 


or writing a i for Ri/Li and «i s for 1/LiCu 

d(d> + gL±g J. + D + gg) g , 

or 

(»• + ® + r?S) » 


_ £«w»* 

£.(1 - *■) 

£.0 - **) - 


Except when Rt vanishes, the solution of this equation can be obtained in 
the usual way from the formula 

8 * - f t m,, dt J «<»«-"»> m J *<•!-«.)<* J «»■ ‘A , 

as 

9i - ^ t, 

where 0, m u m* and m a are the solutions of the equation, with D considered 
as the unknown and E, equal to zero. 

Elimination of q* from the differential equations leads to the sam^ (elation 
for q u but with the right-hand side equal to zero, so that 

qi m + JB*. 
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Hence, in that stage of the discharge in which the voltage at the electrodes 
remains virtually at the value E%, the primary and secondary current, *1 
and tj, are given by 

fi «* wiSis* 11 * *f fttiBtG 1 *** *4" 

Et 

it *“ + ithAit 1 *** 4“ Wii4i€ m,< — *=• . 

jfCi 

The seven constants of integration are determined from the conditions 
existing at the beginning of the second stage of the spark, while the values 
of m are given by the solutions of the equation 


ctv 4* <*i 


wi* + aicr* 


_* i _, i w i i 

m m + ~t= 

m l 4 < am 9 + k + c » 0, 


1 - K* 


an equation that has at least one real root with a sign opposite to that of 
its last term. The character of the solution depends on the values of p , q 
and q 2 /p*, where 

»- k (' Hr -- 2 (^f)‘ - 27 & )■- n<•«--■*»• 

In building ignition coils, and a 2 are kept small,* at least, less than about 
500, whereas a>i 2 = I/L 1 C 1 is very large, usually greater than 10 8 . The 
coupling between primary and secondary is such that k ^ 0.95, or k 2 = 
M/L 1 L 2 , about 0.9. Under these conditions p is negative and nearly equal 
to — <Oi 2 /3(l — k 2 ) = — w 2 /3. Whenever p is negative 

mi ® —y/—p sinh ^ 3/> cosh ~ ® fi 4* 


— y/—p sinh 


3(1 - «■) 1 ' v r 3 

OLi 4- Oh • / 7T u 

_____ _ lV _ 3/ ,cosh- 3 


H — to) 


o y-_ . l_ « Oh 4* Ofj 

m * “ 2V-#>smh 3- 3(1 _ -fi 

/ “ sinh tt. 

V “F 

A negative root and two complex roots, the latter corresponding to elec¬ 
trical oscillations, are obtained. Since in the expression for q the first term 
tends to be largest, 


<7 , V3 tti 4" 011 , , ^ . 

—A 4- —-~ « Sinh u < 1; 

2 w(l - #c*) 

when coi is very high, sinh u becomes quite small, and for coils of moderate 
size the relations 

mi *» — + i<* * wi 4 3p 

w* - - ^ — *'<4 - m, - i\/-3p, 

hold for most practical purposes, 


2 <4(1 


sinh « < 1; 
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as though these roots were simply the solutions of a quadratic differential 
equation, namely of 

(D* - 2m,D + (m,« + «•))*,« 0. 

The third root becomes 


ai + Ot 
3(1 - *•) “ 3 


The angular frequency u is given by V —3p, or 


as in ordinary tuned and coupled circuits. This formula is in good agreement 
with the experimental values. For a coil having L\ — 0.005 h. and Ci = 
0.46 n /., k — 0.95, Li = 11.6 h., the computed frequency is 10,640 cycles 
per sec., the measured frequency 10,750 (Finch). For a coil with L\ — 0.02 h., 
Ci — 0.041 nf., k = 0.97, the corresponding frequency is 22,300 cycles per 
sec. 

In the second stage of the discharge the current is therefore in general 
oscillating despite the constant voltage En. Its complete equation is 

P 

it » wji4j€*V — tt -h miAieb+tv)* + 0 


or 


it * — jj* 4* ^ 4* mtA 2 ) cos + i(miAi — nhA%) sin 

t’i 4" -f* mtB 2 ) cos (*)t 4” i{m\B\ — m»B|) sin . 


The constants -4 and B are obtained, first by computing q\ and q% for 
/ = 0, at which time q\ = Cje p and q 2 = 0, or C 2 virtually discharged, and 
second, by substituting the expressions obtained for q in the two differential 
' equations determining q«. This leads to the following seven equations for 
the seven unknowns, with n = M/L 2 


A x 

+ At 

+ ^3 

+ At 


- 0 




5, + B t + 5, 

— 

o 

1 

<3 




miBi 4“ ithBt 4* m*B* 

Et 
‘ Rt 

ip ~ 0 

ntiAi 

+ mtAt 

+ m%A% 

- 

- i« ^ 0 

(mi + a a )i4i 



-f mjnBi 

* 0 


(ntt + aaMs 


4" ithnB% 


» 0 



+a t )Ai 

4” m%nB% 


- 0 


.The system has the following exact solutions, in which (£) stands for 

+ nip(mi(m t + m») — «*) + (E) (m,a, + mi(mt + m) — «*) 

At - (m, - <*)- - -i^-r--- 

aJ — mi) + mjmi(mi — mi) + m t ntt(nh — m»)J 

a,uPnCie, + + mi) - oA + (E)(mtOti + mj(m« + mi) — «•) 

At - (m, - mi)-;-r-f?- 

- mi) + m*mi(mi — mt) + m»m»(mi — m)J 
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A similar expression is obtained for At by cyclic increases in the subscripts 
of the m’s. Moreover, 


while 


At " i *> + i (I + *•)" I +fed + *•) 


Bi 

B* 

B m 


-Ax 

-At 
- A, 


f*t 4* ctt 

min 

m i + Qfr 
man 

m% 4- at 
m«n 


The solutions m Xf mt and m a being of the form 

a 


mi 


mt 


mi 


+ t« - M + 


~ 5 ~ 3 ~ lw 

—s- 


M — 


the denominator of the A's becomes equal to 2ot2ia)(a) 2 — d ) or 2tcoa 2 (co 2 + 
(/x — m3) 2 ). Grouping together the terms in co 2 the expression fpr the aperiodic 
component of the current i 2 becomes 


miA% 


mi 


at(cor *f d) 


(ottuPnCiep — nipW* — {E)uP + 2fim\ni 9 -f (£)mi(a 2 + 2/a)^ 


The sine wave forming part of it is represented by i(m x A x — mtAt) sin co/, 
its initial amplitude being therefore iji(A x — At) — u(A x + At) or ifilm 
{A\ — At) — coRe(Ai + A 2 ), where Im and Re are the imaginary and the real 
part of the expressions which follow them. 

i(m x Ai - mtAt) - “fa + M(M - **')) 

+ -Miii'fd) (*<* + * + "*> + - M*)) 


(g)oi 


(«*(M + **i) + m*(m - »**)) • 


otaCoCw* + < 

The amplitude of the cosine wave becomes in the same way 
HRt{A\ + At) + iu>Im(Ai — At) “ ( miAi + tthAt) 

cttnCiepU? 


- ~ m t 


+T) + " *“"•> + sqh (w, + ^~^• 


These are the exact amplitudes. 

With the much simpler expressions that in many practical applications 
are valid for m, namely, s ■* 0 and 


mi 


tih 


H + iu 


H — tw 


u> , 

-3 + 


— 10) 


- m, 


Ol ± Oh 

3(1 - «•) 


A*. 
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the denominator of the constants A becomes equal to 2fwa,ci>*, and moreover 
the real part of 

mAi + m*A, - m, ± (■g)(2«w>» + actnh ) , (£)(w» + Qi) + «wn‘, - am/nC^ . 

— aio>* " r at 

while 


- (MO - i (E)(3m * ± 


aiw 


_ ... 2»»i*«Tp + (E)m,(2m, + a,) , _ atnCit, - ni, — (£) . 

imA, - m, ^- + »*-^- 

* 

Taking into account the fact that in this case « is very large, the expression 
for the discharge current in the low voltage stage becomes 

.• _ a /»*» + E 2 /R, +i, „\ Et 

H 3* V-5;- nC ' e ’)-% 

E% , a (ni v «f Et/Rt +u „ \ /4 , v 

**- W, + 3 (,- a, - nCie,J (1 - cob ut) 

+ t~ ‘‘ + i.'j cos cut + wnCiCp sin ul . 

The terms involving Ci are generally small compared to the others, and since 


m * » ^ + 1 
— *rr ® <*s 

3(1 -«*) 

may become large when a 2 is kept small, the expression for reduces in 
practice approximately to 




Et , otj -f at 
Rt * 3(1 - K*)ott 


■•'(I 


Jf. + a 

Lt ' r + Ri 



cos ul) . 


If the secondary is shorted {Et = 0), the current becomes 


<*i + at 

3(1 - «»)a, 


(.It ip *•) ^ “ cos • 


Hence, in agreement with the experiment, in the region of constant voltage 
across the secondary, the discharge current consists in the simplest case of 
an exponentially decreasing electrical oscillation of audible frequency <0 
superimposed upon an aperiodic component that decreases according to the 
same law. The sum of the two components keeps the same sign. The 
current vanishes finally at the time tj for which 


1 -f ai/«« -\t f ( Mi, , Et 
3(1 - if) \ Lt " l " Rt 



E,/Rt . 


When Et/Rt is fairly large and the decay so rapid that —at //3 is smaller 
than unity, 


» 3d ~ *) , 

at + a» 


that is, the secondary current has even then a duration that is larger than 
that corresponding to the natural period, u, of the transformer. 



52 


CANADIAN JOURNAL OR RESEARCH * FOX. iJ, SfiC. A. 


For larger coils the value of sinh | is not necessarily negligible, but follows 
roughly from the relation 

4 sinh* ^ + 3 sinh ~ ** sinh p 
as 

— 2 sinh ~ «■ sinh /u + V"l + sinh*/i + ^ — sinh /x — \/1 + sinh*/x 

or 


Therefore 




sinh ^ 

** sinh 

u . 
3 




a f 

ai -f at 

+ id) 


ai + at 

+ id) 

mi » 

2 

2(1 - «) 


2(1 - «) 


at 

a 1 + 

— id) 


<*i + a» 

— id) 

m = 

2 

2(1 - «*) 

1 

cs 

1 

m s » ■ 

- at. 







In this case the decay of the aperiodic component can be slowed down at 
will by keeping a 2 = R 2 /L 2 sufficiently small. Since 1 — K 2 is small, the 
oscillations will have died out long before the aperiodic portion of the current 
has decreased a great deal. Taking into account the fact that co 2 is quite 
large and C\ very small, the current is obtained by putting in the general 
formulas /x = — a /2 and m 3 ** — a 2 : 


i?j , f Mi p Ei\ ( Cl-——)* A 

% + (Tr + s-J ( 6 4 cos "7 


With io = Mip/L* as its initial strength, the aperiodic component is the 
same as it would be were a current io set up and allowed to decay in the 
secondary in the absence of the primary windings; such a current corresponds 
to the complete sharing of the magnetic flux by the primary and the secondary: 


Mip « Lit 0 . 

In the later stage of the discharge the current becomes simply 



and the time required for the current to drop from to to i 2 is 

4 _ £1 to R* + Et . 

R2 hRi + E* 

This duration determines the extent to which the coil is discharged. 

For large coils this formula is in agreement with observation (McFarlane). 


In dealing with the course which the aperiodic component takes, the con¬ 
stants of only the secondary windings need be considered, the circuit equations 
reducing to 


dit 

dt 


. R * • 




0. 


In view 6 f the simple lawn obeyed by Ei, for instance Ej — C — cit, this 
equation is the same as that valid for ordinary discharge tube circuits, so 
that the glow may present all the types found at lower pressures (Kock). 
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For a small coil, the following constants may be used (Finch): 


Li ~ 0.005 h. 
Ri « 3 ohms 

tti *» 600 

Li m 11.6 h. 
Ri * 300 ohms 
at a 26 


a ■» 6.66 
and therefore, 


k - 0.95 Et — 360-380 v. 

JW - kVZS - 0.229 *, - 2 A. 

» •» Af/Lj — 0.02 A. per A. < 5 v. 

1 - k* - 0.0975 


Ci - 0.46 fit, 
w - 66,816 
/ - 10,640 

nCifp < 10 -7 

Ct - 10~“ f. 
£,/£, 4* 0.050 


i = 0.22 «-•••' (1 - cos 66,8161) 


For a large coll the following constants are appropriate (McFarlane): 


L, 

« 

0 1 h. 

K 

t= 

0 94 

Ei 

» 380 v. 

Ri 

ss 

39 ohms 

M 

SB 

11 2 

ip 

*» 2 A. 

ai 

SB 

400 

n 

as 

M/Li - 0.0075 

e p 

« 12 v. 

U 

as 

1500 h. 

1 - K* 

ss 

0.12 



Ri 

at 

28,000 ohms 






a. 

m 

19 

c, 

Stt 

2.67 nl 






03 

ss 

5600 






c 2 

= 

10~ 10 f. 



a 

- 

a ; + - i58 

1 - K* 




Ei/Ri 

- 0.014 


and therefore, 


5 ? 

Ri 


+(-£+» ) 


= - 0.013 - 0.028 t-» 7 “‘ cos «t + 0.028 


Curve of Sloping Voltage against Current 

So long as the electrodes are separated by a gap barely allowing the negative 
glow to develop, which involves a distance of about 0.008 mm. at atmospheric 
pressure, the drop of potential reduces to the normal cathode fall, about 375 
volts in air between copper discs and 277 volts between zinc plates, regardless of 
the pressure. When the distance is increased, the potential gradient across 
the positive column must be added. This gradient increases with increasing 
pressure p, measuring about 0.3 p volts per mm. in nitrogen and four times 
this amount in oxygen, when the pressure is measured in millimetres of 
mercury. Lower currents require a higher gradient, usually represented by 
g + h/i, where h is not far from unity. The voltage across the spark is 
therefore 

Ei «t + ((l + h/i). 

In air, C is about 380 volts for copper electrodes, g equal to 108 and A = 0.8 
(McFarlane). The curvature introduced ,by the term h/i in the curve of 
voltage against current is so. small as a rule that over wide ranges ajf current 
the voltage may be represented by a straight line. 
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The only chahge that a slightly sloping, or rising, but straight curve of 
voltage against current causes in the mathematical equations of the problem 
is the addition of Tots to all the terms containing a.%. In view of the small 
currents involved, less than 50 ma., and the rather large values of I*, the 
existence of the slope TR* in the characteristic curve, beginning in sparks 
at about 500 volts and several milliamperes current, would probably not be 
revealed by ordinary measurements with the cathode ray tube even if 
—as =* Rt/Lt were as large as 500 or 600. When appreciable capacity is 
present in parallel with the gap, however, it absorbs a current, u, given by 

ie — it m CtiEt/di ■» ± CtRt. 

The case where — a a just neutralizes a 3 deserves special mention. Under 
these conditions, most favorable to an experimental study, the ignition coil 
behaves as if there were no resistance in the secondary, whereas, in practice, 
R% cannot be neglected, not at least if, as is sometimes the case, a resistance 
of several thousand ohms is included in order to record the current changes 
with the cathode ray. When (at — a a ) vanishes, as seems sometimes to 
be the case, the differential equation reduces to a quadratic relation. 

+ + -ir^SE 6 - ' 


The frequency of oscillation is the same as before; the damping has been 
decreased, and the current is given by the simple formula 

it ** -jr *p(l — € * cos o)t) + * — j- i / , 

L% Lt 


where 

and 


a * Rt/Litt - k *) 
M/Lt - K<LjU. 


The current consists of a damped oscillation about the straight line 
(Mi p — E%t)/L 2 . Once the oscillations have vanished, the secondary current 
continues to decay to zero along the time axis, giving a total duration of this 
second, and by far the longest, stage of the spark of 

tf » Mtp/Et sec. 

It lasts at least a few milliseconds, whereas the breakdown proper takes 
less than a microsecond (McFarlane, Finch). 


With a slightly more negative value of —a* a stage is reached where the sum 
(ai + a 2 — as) disappears. This change again s carcely affects the frequency 
which remains at the value given by coi/\/l — but it removes all damping. 
The equation for the current is 

(d* - <JD - (a, - ao «*)»» - Estf/Ls 
with the solutions, since 

(at - at) Mi 1 / »i* 

2(1 - **) 27(1 - *»)»’ 

- «*!„«- ±i .. , m, - 0, 

V 1 - K* 
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solutions which might have been obtained directly from the previous simplified 
quadratic equation for m* and «. They correspond to oscillations of constant 
amplitude 

H - (j^ + *.) cos at - ~ Citp sin ut, 

where the last term is most often negligible. 

Beyond this point the discharge enters the stage where the amplitudes 
instead of being damped increase with each period and finally, owing to the 
rapidly increasing cathode drop, the oscillations degenerate into slow relaxa¬ 
tion currents. At the same time, for large fluctuations in the current, the 
value of M is no longer constant. 


The Aperiodic Discharge 

When, on the other hand, as a result of the introduction of a large condenser 
in the primary, or a large resistance in the secondary, circuit, the value of 
Rt/diLt increases, the sign of p changes from negative to positive, so that 


p > 0 5 > 0 5 * > p i 

The solutions m u nit and m t now depend on 

— V/> cosh j j + * >l3p sinh j 


cosh u 


+1 

V*» 


m, 


M + *'« 


tn. 


m, - 


coshf-i 
4- 2V/T cosh ^ | 


i >l3p sinh ~ 


fi — uo 


“* —2 fx -f 


3 * 


where p and q are conveniently written as 


/ «■+«» V _ 3 1 + 73?^ 

9 1 v«.(i - k')) — y j 

/ 1 -L. \ 

/ 9 «i + a, Wi* 2 /a t + a,V 27 at I. 
54 \ w, 1 - k* 1 - k> w»A 1 - k*J oh 1 — #) 


in order to illustrate the importance of the factor a s /aji(l — k*). When ati 
is small, the expression for p changes from negative to positive near the 
frequency for which 


a t + a t 


«h 


V3( 1 - *•) 

whilst, q keeps its sign. For k = 0.95 the equation becomes, for small 
Oh’s, a* *» 0.55«i; for k = 0.98 it is a* * 0.35 Wi. 

As a» increases, the natural frequency of oscillation given by « = y/Jp 
sinh ^ decreases (Table I). The last simple form the discharge may assume 
is the aperiodic stage, which is obtained when p > 0, but q* ^ p*. or 


< t 


< 1 


P 
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* 

This condition is satisfied when (ai + a*) is rather large, the coupling tight 
(k> 0.95), and when q is nearly zero or negative. By starting with a coil 
having a small value of ax and a large ratio Rt/Lt « a t , the values of a% and 
K may always be so chosen that q becomes slightly smaller than the square 
root of £*. In this case, which may obtain over a portion only, or over the 
entire duration of the discharge' 



C08 “ “ 



m 

/x U 0 . 

- -y/P COS 3 - 3 + 

V3P 

. u 
sin 3 

m% 

u a 

“ -v'* cos 3 - 3 - 

V3 P 

. u 
sm 3 

m, 

« u a 

“ 2 V#>C08 3 - 5 




TABLE I 




Influence of increasing resistance in the secondary upon the angular frequency 
OF OSCILLATION, a — V3/> sinh tt/3 

ai * 0; an - 2000; 1 -k* = 0.04 


at 

Pi 



q/w i* 

cosh M 

M 

cosh ~ 






3 


«inh ~ 


Vsp 


a 


Oscillating stage 


690 

<0 

HR 









695 

0.052 

I H 

0 0118 

7.63 

647 

5.56 

5 

46 

790 

1917 

700 

0.118 

w&m 

0.045 

7.28 


3.48 

3 

34 

1190 

1944 

750 

1.423 

1.19 

1.7 

4 

Ha 

1.13 

0 

52 

2846 

2083 


Aperiodic stage 






0 


1 

0 



800 

2.777 

1.667 

4.6 

-0 37 

-0.08 

0.82 

0.57 

2886 

2222 

900 

5.73 

2.394 

13.7 

-11.5 

-0.83 

0 62 

0.79 

4147 

2500 

1000 

9.03 

3.005 

27 

-26.5 

-0.98 

0.55 

0 83 

5206 

2777 

00 

oVctfi* 

a/an 


a*/wi* 

-1 

0.5 

0.87 




In the aperiodic stage the ordinary trigonometric functions take the place 
of sinh and cosh. At the limit the current reduces to 

** U5 + *7* R, 

The current decreases according to an exponential law until the energy is 
exhausted (10). 

Intermittent Discharges 

So far, the discharge has been treated as if any current between 0 and 
100 ma. could pass at the constant or nearly constant voltage obtained 
between the electrodes. In reality, for a discharge to be maintained at the 
glow voltage the current must exceed a certain smallest value, a few milli- 
amperes in the case of short gaps 1 or 2 mm. wide. If in its variations the 
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current enters a region where this condition is not fulfilled, the discharge 
is likely to stop without necessarily having discharged the coil. Provided, 
however, that the coil is able to recharge the electrodes in the interval without 
current, the discharge may restart at or near the spark potential, or even 
near the glow voltage in those cases where the path which the current has 
followed remains fairly conducting. In this case the current increases 
suddenly from zero to a high value, only to decrease again, and this cycle is 
repeated until the energy in the coil has been dissipated. When E, > Lt 
and the aperiodic component of the current, the component which merely 
depends on the constants of the secondary, disappears at a voltage Eo, which 
is lower than the starting voltage Ej, and E is the potential which the coil 
is capable of generating in the absence of a discharge, then as in the case of 
the flashing neon tubes, the period at which the discharges follow one another 
is (Schallreuter) 

t - RtCJn + CtRIn j| • 

where the last term refers to the duration of the discharge. The difference 
between E 0 and E\ depends on the shape and distance of the electrodes, and 
for the same value of £o and E\ the ratio (E — Eq)/(E — £ 1 ) is smaller, or 
more nearly equal to unity, the higher E. With discharge tubes, a value of 2 
or 3 is often obtained for this ratio. With these figures and C 2 , the capacity 
associated with the gap, equal to 100 X 10* 12 /., R» a few thousand ohms, the 
frequency becomes of the order of 1000 kc\, so that it falls in the middle of the 
broadcast band. 

When Lo is large, the duration of the discharge is increased to such an 
extent that it may determine the frequency of the intermittence. Instead 
of rapidly increasing with increasing voltage or primary current, the frequency 
tends toward a constant value 

f a* - 1 - » 

2tt ^LiCt 

which, in view of the small value of C 2 , may still lie in the region of high 
pitched sound waves (Kock), 

A particular case of these recurrent discharges presents itself when the 
primary current is just barely sufficient to break down the gap without being 
able to establish a fully developed glow discharge. Under these conditions 
the discharge starts repeatedly at the sparking voltage, and several sparks 
follow in rapid succession. A large capacity in parallel with the gap favors 
this type of multiple spark, the so-called condensed spark (4). 

The existence of intermittent or recurrent discharges has been well demon¬ 
strated under operating conditions (9). The interval between two. flashes 
varies from one spark to the next one, and even within the same group of 
partial discharges, between 1 and 30 microseconds, corresponding to the 
periods of waves of 300-3000 metres. At each cycle the wires leading from 
the coil to the spark gap are excited to resonance, so that reception of short 
waves is interfered with at the same time. 
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Prevention of Oscillations 

In the case of internal combustion engines, the oscillations of the various 
kinds described do not seem to improve the performance of the gap, so far 
as ignition is concerned, since the firing of the charge, requiring merely a 
temperature of about 700° C. at some point in the mixture, is well under 
way when the low voltage stage sets in. The oscillations are, however, 
liable to produce noises and disturbances in the reception of radio waves. 

Since the initial strength of the low voltage stage of the discharge current 
is nearly directly proportional to the primary current at break, it can be 
readily weakened by lowering the primary current, but such a reduction is 
likely to create multiple sparks. A more direct procedure for preventing 
oscillations, though difficult to apply in practice, is to close the primary 
circuit as soon as breakdown has occurred. The spark is rapidly extinguished. 
Grid-controlled discharge tubes would be suitable for this purpose. 


There still remains in any case the disturbance created by the spark proper, 
or the surge traveling along the leads owing to the sudden drop in potential 
at the moment of the breakdown. Its duration, less than a microsecond, is 
about the same as the natural period of the lead wires acting as half-wave 
antennas. Strong oscillations are therefore set up at each passage of the 
spark. The inductance of two straight parallel wires of radius r cm. spaced 
a cm. apart is 0.4 In ( a/r) microhenry per metre, or about 0.28 yuh. per 
metre for wires touching each other, and the capacity is 10~ 10 farads per metre, 
equal to 1.06//«(a/f), or 0.15 X 10 -10 /. per metre for wires in contact, so 
that the angular resonance frequency of the wires connecting coil and spark, 


toj* 


_J_ R£_ , 

LtCt 4Z*« 


is seen to correspond to waves of less than 40 metres, provided that Rt is 
small. This circuit can be rendered aperiodic by increasing i?j and by 
decreasing the value of L 2 to that for a single straight wire. 


The usual remedy is to insert resistance in the secondary until the noise 
vanishes. Tests on a wide variety of motors, ranging in output from 1 to 
60 hp., have shown that resistances of 5,000-15,000 ohms, preferably wire- 
wound, long and with little self-inductance, greatly weaken the noises without 
reducing measurably the power of the engine (5). 

The formula for « 2 shows that the lower the value of Z* the easier it is to 
suppress the oscillations, and that, as experience shows, it cannot be accom¬ 
plished by inserting choke-coils between spark and secondary. The same 
statement applies to incomplete screening of the spark circuit, which is likely 
to increase Lt and to add capacitance. Condensers and filters merely shift 
the resonance frequency to a different wave band. 

It is more difficult to deal with the intermittent discharge. Its strength 
depends on the difference between starting and stopping voltage. The 
difference increases, in general, with increasing pressure and decreasing 
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capacitance of the electrodes. It would be of general interest to study spark 
discharges from this point of view in the same detail in which discharges at 
low pressures have been investigated. 

Multiple sparks, finally, are avoided when the current at break in the 
primary is made strong enough to produce more than the lowest breakdown 
voltage in the secondary. 
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SOME CALCULATIONS OF FIELD STRENGTH DISTRIBUTION 
IN THE VERTICAL PLANE OF DOUBLE-TAPERED MASTS 1 

By K. A. MacKinnon* 

Abstract 

The approximate current distribution with height in vertical tower antennae of 
non-uniform cross section is calculated by assuming that the cross section is that 
of a cylinder whose diameter changes discontinuously. The field strength dis¬ 
tribution in the vertical plane is then calculated for this current distribution and 
compared with field measurements of Ballantine. This is repeated using the 
experimentally determined current distribution of Gihring and Brown which 
results in a much closer check with Ballantine’s measurements. 

The results were then used to calculate the field strength distribution in the 
vertical plane of an array comprising a 0 597X vertical double-tapered tower as 
radiator, and a 0.250X vertical tower of the self-supporting type as a fed reflector. 

During some studies of adjacent channel interference from high powered 
broadcasting stations, a mathematical investigation was undertaken to 
ascertain the radiation characteristics of an array comprising a 0.597 wave 
vertical tower of the Blaw-Knox guyed cantilever type as radiator, and a 
quarter-wave vertical tower of the self-supporting type as reflector. 

The radiating system thus presented has several features not usually 
encountered in arrays. In the first place, the towers comprising the array 
are of unequal heights (0.597X and 0.25X). In the second place, the non- 
uniform cross section of the towers results in a current distribution with height 
which, especially in the case of the higher tower, departs considerably from 
the sinusoidal distribution to be expected in a thin wire of uniform cross 
section. 


\vailable Data 

The published information on the dimensions and actual electrical per¬ 
formance of the guyed cantilever type of tower is very meagre. There is 
the recent paper by Ballantine (1), which shows the results of some measure¬ 
ments of the electric field distribution in the vertical plane about the WABC 
radiator of this type (see solid curve, Fig. 5). One observes the absence of 
any minimum in the neighborhood of 45° zenith angle, which minimum 
would be expected from a sinusoidal current distribution in the tower. A 
more recent paper by Gihring and Brown (2) gives the current distribution 
as measured on an experimental model of the guyed cantilever type of tower. 
This distribution is far from sinusoidal (compare Curves A and C in Fig. 3). 

1 Manuscript received May 28,1935. 

Contribution from the Engineering Department, Canadian Radio Broadcasting Commis¬ 
sion, Ottawa, Canada . This paper was presented at a joint meeting of the Institute of Radio 
Engineers and the American Section, U.R.S.I., at Washington, April 26,1935 . 

* Transmission Engineer , Canadian Radio Broadcasting Commission . 

Note. —While the author was preparing this manuscript, there appeared in the Proceedings 
of the Institute of Radia.Engineers, a letter to the editor by Hans Roder (4) in which he derives the 
current distribution in this type of tower by treating it as a concentric transmission line . 
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Theoretical Investigation of the Current Distribution 

Typical cross sections parallel to the axis of the Blaw-Knox cantilever 
type towers are shown in Figs. 1 and 3. Although the cross section per¬ 
pendicular to the axis is square it will be considered circular henceforth. 
Again, although the cross section perpendicular to the axis varies uniformly 
throughout its length, it will be considered as changing discontinuously as 
illustrated in the right-hand sketch of Fig. 3. The effect of such a discon¬ 
tinuity on the current distribution can be readily shown for the ideal case. 


Let the discontinuity be revealed only as a change in the capacity and 
inductance per unit length. Assuming that the top section of length Xi has 
capacity C\ and inductance Li per unit length, the next section, C* and L% 
per unit length, then, according to the simple theory 

di 


dv .. . 

~Tx 

which have the general solution 

V rn A cos B(x + 6) 


dx 


« jCiav 


AB 
jLu) 


sin B{x + 6) 


where A and 0 are constants and B = y/LCto 1 . The boundary conditions 
are 

when x * 0, i\ = 0, /. $i « 0 

when x * X \, Vi » v* ij * it 

Thus _ 

A i cos B\ m t cos Bt(x> + e,) 

and 

-jg sin *,& + *,) 

Assuming that the velocity in each section is the same as that in vacuo 

2jr 

X 


( 1 ) 

( 2 ) 

(3) 


Bi - B, 

Dividing Equation (3) by Equation (2) the expression 
tan y (Xi + ft) - % tan ~ (*i) 

is obtained. 


(4) 


An approximate relation between the radius of the section of the tower 
and its capacity per unit length is now necessary. Assume that r is the 
radius of any section of the tower. Let l be the total height of the tower* 
Assume constant density of charge (<r) over the surface of a tower of length 
21 (to include image in earth) and radius r, 

2rr dx <t 

' Potential at any point P « , . == 

- * 


Potential at midpoint 



- 4irrcrsinh~ 1 - 
r 


Capacity 


Charge ^ 2irr(2/)<r 

Potential ~ 4xr<r sinlr 1 / 
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Thus capacity "per unit length 

1 _ 

sinh^ 1 - 
r 


(5) 


Substituting Relation (5) in Equation (4) the expression 


tan ^ + ft) 


sinh” 1 

_fi 

sinh” 1 — 

fi 


tan 


(£«) 


(«) 


is obtained. As r* is greater than n, it is seen that 0 2 is negative if X\ is 

less than 90°. Thus, although the current distribution from * «* 0 to X _i 

is sinusoidal, so that = sin yet after the discontinuity the cur- 

_ 2 T 

rent varies as though at X , the current had attained only the value sin -y 

(X l + 0 2 ), where 0 2 is negative. Similarly at the next discontinuity, which 
occurs at x = Xi + X t , where r changes from r 2 to r 3 


tan — (X, + 0t + X, + 0,) - — _£» tan H (x, + 6, + X 2 ) . 

A “ ~ sinh -1 - A _ _ 

Proceeding in this way an idea is obtained of the current distribution in a 
tower such as that illustrated in Fig. 1. The data in Table I were calculated 
by the above method. 


sinh -1 r 



Fig. 1. Current distribution in 0 542\ mast. A — Sinu¬ 
soidal distribution. B—Distribution calculated by method 
presented herein. 


The data in the third and fourth columns are plotted in Fig. 1 as Curve A 
and Curve B respectively. Thus, Curve A is the current distribution to be 
expected on a wire of height 0.542X, and Curve B is the current distribution 
calculated for the 0.$42X tower illustrated at the right side of Fig. 1. 
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TABLE I 


Diitance from 
top of tower at 
a fraction of the 
total height of 
the tower. 
x/h 

Ratio of 
capacity. 

sinh~> — 
r 

Space 

angle, 

360° 

Current 

angle, 

360 ° (-+T6 \ 

Distance from 
top of tower at 
a fraction of the 
total height of 
the tower, 
x/h 

Ratio of 
capacity, 

itoh-«- 

r 

Space 

angle, 

360° 

Current 

angle, 

— 

X * 


X * 

X '* 

0 

■ 

0 

0 

■1 


107.20 

94.05 

0.05 

m \ : ?Sk 

9 75 

9.75 



126 80 

113.85 

0.15 

4.71 

29.30 

26 08 

0.75 


146.20 

131.68 

0.25 

4.20 

48 80 

42 13 

0.85 

1 

165 80 

147.60 

0.35 

3 86 

68.30 

58 40 

0.95 

7.27 

185.50 

162.23 

0.45 

3.60 

87.70 

75.53 

1.00 

—“• 

195.00 

164.55 


Derivation of Field Strength Distribution 

There will now be derived the general equation for the root mean square 
value of the field strength (E e ) at a zenith angle (0) to a vertical radiator 
having the current distribution (/(*) ) at a given frequency (j-), and situated 
on soil having a given conductivity (a) and dielectric constant (e). 


Consider a vertical radiator with height l. The value of the current at 
height X from the ground is I(x). At a remote point, P, on the radial through 
the antenna base making an angle \B with the zenith, the electric field 
due to the current in dx is (3) 


A, _ hin 0 (" (, 

de, - ^ 


— X COS 6\ 


c ) 

no - % u 



dei - *r( /(x)dx )T cos 

rse, 

( d r 0 — x cos 6\] 

l X 1 

V c )\ 

de i =* [/(x) dx sin 6 cos 

— (: 

, fo — x COS 

X V 

r )\ 


Similarly the field due to the image of dx is 

, 2ir2? T . , . fl lire / r 0 + * cos 0\] , 

dr ' “ enk |/ (x) dx 9m 6 cos TV- c -)J ’ 

where R — reflection coefficient of the earth; 

' „ cos Bit - ; 2 oT) - Vt - sin»g - jUT 

cos 0(e — jlcT) + Vt — sin’f? — jlaT 

where e, a are in e.s.u. and T = period. 

Then the total field at P due to dx is 


de 


de m dt\ + de j 

&'<■>** • [~¥ (' + _-±££ 2 *)] . 
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The bracketed term can be rearranged so that 

bracket «■ (R + 1) cos ^ (rt — r 9 ) cos (# cos 0) 

+ (R — 1) sin ^ (rt — f©) sin (* cos 0). 

Thus 

£* ■* sin 6 £cos (ct — ro) . {R + l)Jl(x) cos ^ (* cos 0) dx 

-h sin ^ (ct — ro) . (R — 1)^/(s) sin ^ (# cos 0)<tej . 
The root mean square value of E d is then 



cos (# cos 0)<frc 


I , 

£(/? - 1)^/(x) sin y (x cos 0)dxj . 


Field Strength Distribution for Calculated Current Distribution 

For the case represented in Fig. 1 the current distribution can be represented 
approximately by 

Tt \ * 1 6757T fm V 

I(x) =» sin —^— (/ — x). 

Assuming New Jersey soil characteristics (cr = 4 X 10~ 14 e.ra.tt., 1 13 = e.s.u .), 
a frequency of 860 kilocycles, and this J(x), Curve C of Fig. 2 is obtained for E e . 



Fig. 2. Field strength distribution in vertical plane of 
0.542\ mast , over New Jersey soil. A — Ballantine's 
measurement of WABC (eastern side). (See Reference (/), 
p. 624 , Fig. 41.) B—Calculated from sinusoidal distribu¬ 
tion and for New Jersey soil. C—Calculated from distribu¬ 
tion derived by method presented herein . 


Curve B of Fig. 2 is E e for New Jersey soil and a 0.542X vertical wire, 
where, of course, 


7(x) ** sin y (I — x). 
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Curve A, Fig. 2 is a graphical representation of Ballantine’s measurement 
of E, on the eastern side of WABC (860 kilocycles, Wayne, New Jersey). 

It is seen in Fig. 2 that although the calculated distribution (Curve C) 
has no minimum like the sinusoidal distribution (Curve B), yet it does not 
check satisfactorily with the experimental values (Curve A). 

Field Distribution of Gihring and Brown's Current 
Distribution 

Accordingly, the case of the 0.597X mast for which there is Gihring and 
Brown's experimental distribution is next taken. Fig. 3 shows on the right* 
hand side the shape of the mast assumed for the calculations, and the actual 
shape. I(x) is found for this mast by the method just outlined, and the 
current distribution is found to be as shown in Curve B, Fig. 3. Curve A 
gives the sinusoidal distribution, and Curve C, the experimentally measured 
distribution of Gihring and Brown. 



Fig. 3. Current distribution in 0.597\ mast. A — Sinu¬ 
soidal distribution. B—Distribution calculated by method 
presented herein. C—Distribution as experimentally meas¬ 
ured by Gihring and Brown (3). 

The calculated distribution fails, as it always must, to indicate the very 
low current at the top of the mast. 

To ascertain how the Gihring and Brown distribution checked with Ballan- 
tine's field measurements, an empirical relation was evolved for Curve C 
of Fig. 3. This is 

/(*)« ^[ 1 +sin ^ (*-*»)] • f 

where X# *» 0.716X. 
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A comparison of this I(x) and the experimental curve it represents is given 
in Fig. 4. The solid curve, B, is Gihring and Brown’s values, whilst the dotted 
curve, C, is /(*). 



Calculations using this /(*), a frequency of 860 kilocycles, and New Jersey 
soil characteristics gives E, as indicated by the dotted curve of Fig. 5. The 
solid curve of Fig. 5 is a graphical representation of Ballantine’s measure¬ 
ments on the eastern side of WABC. The agreement* is striking, especially 
when it is found that the assumption of a slightly lower conductivity for the 
soil will straighten out the dotted curve so that it will not depart so much 
from the solid curve at 45° and 68°. Fig. 6 shows the same calculated curve 
and Ballantine’s measurements for the western side of WABC. Why there 
should be such a great difference between the fields on the west and east sides 
is not apparent. Differences in the soil characteristics (<r, e) on either side 
cannot explain it. 

*ln applying tins parallel ray method (large ro) to Ballantine's experiment (measurements 
made at a eonstant altitude of 4000 ft.), it can be shown that the error is negligible. Likewise 
considering the problem in the light of the developments of van der Pol and Ntessen (5), it seems 
that the author's results should be applicable to Ballantine's results up to eenith angles of the order 
of 70°. In any case, the interest here lies only in the eange of renith angles up to 50°, as this range 
includes the lobe and minimum infield strength which a sinusoidal antenna current distribution 
demands, and of which experiment yields no sign. 
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Fig. 6. Field strength distribution in vertical plane of 
0.597\ mast over New Jersey soil . Solid curve — Ballan• 
tine's measurement of WABC (i western side ). Dotted curve — 
Calculated for empirical distribution based on G'hring and 
Brown's measurements. 


Current Distribution in the Array Towers 

As this current distribution of Gihring and Brown checks so well with 
Ballantine’s measurements, and as it also checked with measurements of 
Gihring and Brown on another such radiator, it seems safe to assume that 
this distribution will be valid generally for this type of 0.597A tower. 

As regards the current distribution in the quarter-wave tower used as the 
reflector, calculations by the above method show that the difference in the 
shape of the field strength curves of a quarter-wave tower and of a quarter- 
wave wire is slight. Hence sinusoidal current distribution is assumed in 
the quarter-wave reflector. 

Calculations for the Array 

Assume that the 0.25X reflector with current distribution /'(*), height 1', 
is placed a distance d frpm the 0.597X radiator with current distribution 
/(*), height l : x’ is the variable distance up the reflector from the ground; 
x is the variable distance up the radiator. Assume also that the qparter- 
wave tower is fed <f>° in phase ahead of the other tower. 
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Then in the vertical plane containing the array 

dEt m /'(*) dx' sin 6 £ cos y (ct — f o 4" x' cos 6 + d sin 0 + 

+ R cos ^ (ct — ro — x’ cos 6 + d sin 0 + ^)| 
+ I(x) dx sin 6 £cos ^ (ct — rc + x cos 0) + R cos (ct — r» — * cos 0)J ’ 

Letting 

a — cos 9 b — (d sin 9) + ^ 

and rearranging, the following expressions are obtained 

dEs 2* , . , ( (R + 1) [/(*) cos o dx + cos b I'(x) cos a' i*1 1 

8in ® X \ + (R — 1) [sin b I'(x) sin o' dx'] / 


, • 2r _ . f (R + 1) [- sin b /'(*) cos o' dx’] 

8m X \ +(-R — 1) [cos b /'(*) sin o' dx 1 + I(x) sin o dx] 



Constants for the Array 

For purposes of calculation the following constants were assumed:— 
frequency, 700 kilocycles: ground conductivity, 10 -1 * e.m.u.; ground dielectric 
constant, 14 e.s.u. 

The current distribution in the 0.597X mast was taken to be the empirical 
distribution of Fig. 4 based on the experimental measurements of Gihring 
and Brown. That is, 

where X« m 0.716X. 

The sinusoidal distribution assumed in the 0.25X tower is 

/'(*) - 7 ' Loop £sin —■ 0 - x')]. 

In order to select the spacing d and phasing <f>, it is necessary to decide on 
the zenith angle at which minimum radiation is desired. Assuming that 70° 
is the angle, then a likely choice of array constants is 

d *■ ^ cosec 70* <j> «= 90°. 

The remaining array constant, the ratid^ of the loop currents, is decided 
after introducing all the above values into the array equation. A good mini¬ 
mum is then seen to be possible for the quarter-wave loop current equal to 
1.5 times the 0.597 wave loop current. 
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Comments on Results of Array Calculations 

The relative values of E, for the above conditions have been calculated 
for every 10° zenith angle. The resulting curve is given in Fig. 7. This 
gives the field strength distribution in the vertical plane passing through the 
array. 





Fig. 7. Field strength distribution in the vertical plane parallel to an array comprised of a 
0.597X double-tapered lower with a quarter-wave self-supporting tower as a fed reflector . 


Conditions 

Frequency: » 700 kc. 

Soil constants: a « 10" 1 * e.m.u. 

€ — 14 6.8.U. 

Current distribution in 0.597\ mast: 

«*> - £j t e [‘ + «"x('-b)] 

where X^ * 0.716X. 

Current distribution in 0.25\ mast: 

' I'(x) * ? Loop £sin ^ - *) j • 


Array constants 

Spacing: ^ sec. 20° 

Phasing: 0.25X mast current 90° 
ahead of that of 0.S97X mast. 
Current ratio: 0.25X loop current 
« 1.5 of 0.597X loop current. 


Fig. 8 gives the distribution in the vertical plane perpendicular io the 
plane of the array. In this case d is zero. 

Returning to Fig. 7, it is seen that almost complete extinction has been 
achieved at 70°, and in fact from 60° to 85° zenith angle the radiate^power 
is very small. This broad minimum is advantageous as it would take care of 
variations in the height of the Heaviside layer, the average height being used 
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to* 0 * tot 



Fig. 8 Field strength distribution m vertical plane perpendicular to the above array. 
to determine the zenith angle at which minimum radiation should occur* 
The large lobe at 45° would be expected to intersect the earth’s surface about 
200 miles away. Severe fading would occur about 100 miles from the high 
powered station. In the other directions it is seen that the polar pattern 
differs from that of the single mast in that there is relatively more high angle 
radiation. 



A typical double-tapered mast. The 828 ft. Blaw-Knox mast at WLW , the 
Crosley Radio Corporation , Cincinnati , Ohio . 
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Conclusion 

The calculations indicate that the array is efficacious in reducing the sky 
wave at zenith angles between 60° and 85®. The local coverage in the un¬ 
favored direction, however, is very unsatisfactory with the array constants 
chosen. Thus an increase in the ground wave and a decrease in the high 
angle lobe can be achieved by decreasing the ratio of the quarter-wave tower 
loop current to the 0.597 wave tower loop current. Other choices of spacing 
and phasing are also available. 

It is concluded, therefore, that by a judicious choice of the three array 
constants a considerable reduction in the sky wave at remote distances can 
be achieved, whilst still maintaining fair local coverage in the unfavored 
direction. 
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AN X-RAY POWDER CAMERA FOR SPECIMENS AT 
VARIOUS KNOWN TEMPERATURES 1 

By W. H. Barnes 2 and W. F. Hampton* 

Abstract 

An X-ray camera designed specifically for pin-hole photographs of frozen 
gelatin gels at temperatures between 0° and —60° C. is described. The novel 
feature of the camera is the method of mounting the specimen on the surface 
of a copper block, the temperature of which depends on a controllable circulation 
of acetone at a controllable temperature. The adaptability of the camera to 
modifications required by specific conditions of specimen or temperature other 
than those for which it was primarily designed is pointed out. It is shown 
that the camera appears to be suitable for the study of a great variety of 
materials over a considerable temperature range both below and above (r C. # 
whenever a single crystal spectrograph, or an ionization spectrometer, is not 
required. 


Introduction 

During a recent X-ray examination of frozen gelatin gels, the results of 
which are described in detail elsewhere (1), it was necessary to obtain X-ray 
diffraction patterns of specimens at constant known temperatures below 
0° C. Although the camera described in the present paper was designed, 
constructed and used for this purpose, it appears to be applicable to the study 
of a great variety of materials over a considerable temperature range both 
below and above 0° C. whenever a single crystal spectrograph, or an ionization 
spectrometer, is not required. The following description of the camera and 
the constant temperature system, however, will be confined to the arrange¬ 
ment at present in use for gelatin gels over the range 0° to —60° C. Exten¬ 
sions and modifications required by other materials and for other temperatures 
will be indicated at the end of the paper. 

Description of the Camera 

Base and Cooling Block 

The base of the camera and the cooling block on which the specimen under 
examination is placed are shown in Fig. 1. The base, A, consists of a brass 
plate, 9f by in., supported horizontally on four leveling screws, B, the 
feet of which rest on a platform above the X-ray tube. A suitable hole in 
this platform allows radiation from the tube to impinge vertically on the 
under side of the base, where a sheet of lead i in. thick protects the camera 
above from unwanted radiation. 

1 Manuscript received August Z0> 1935* ft* 

Contribution from the Department of Chemistry , McGill University , Montreal , Canada * 

* Assistant Professor of Chemistry , McGill University* 

1 r. Sterry Hunt Fellow (1934-35), Department of Chemistry , McGill University . 
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Fig. 1. Base , cooling block and main plate-holder support . 


The cooling block, C, is a circular sheet of copper, 1 in. in diameter and 
I in. thick, in a groove around the circumference of which is soldered a copper 
tube, D, of 1 in. cutside diameter. The specimen under examination is 
placed on the block, C, and over a 3 mm. hole that passes vertically through 
the centre of the block. A thin copper washer, E, 2 cm. outside and 7 mm. 
inside diameter, placed over the sample and fastened to the cooling block 
with four copper screws as shown in Fig. 1, serves to hold the specimen in 
position and ensures good thermal contact of the lower and upper surfaces 
of the specimen with the cooling block. It may be noted that the areas of 
the washer, E, and of the cooling block, C, in contact with the specimen, 
are greater than the cross-sectional areas of the holes through them. The 
temperature of the sample is controlled by that of the cooling block, which in 
turn depends on that of a suitable liquid circulating through the tube, D. 

The cooling block tt supported above the base, A , and is insulated thermally 
therefrom by a bakelite tube, F, f in. high and in. wall thickness, to which 
it is fixed by two'flat-headed countersunk brass screws (not shown in Fig. 1). 
Four similar screws hold the bakelite tube to the base, A. 
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Pin-hole System 

The pin hole system is shown in Fig. 2. The brass tube, G, 1| in. long 
and A in. internal diameter, passes through a hole in the lead sheet and screws 
into the base, A, of the camera. It is held in place by the lock-nut H. The 
axis of the tube is normal to the upper sur¬ 
face of the base, A, and to the upper surface 
of the cooling block, C, and passes through 
the centre of the hole in the latter and of 
that in the copper washer, E. 

Pin holes of various diameters for defini¬ 
tion of the X-ray beam are made by filling 
the ends of brass tubes (such as / in Fig. 

2), of length about 2^ in., with lead, and 
boring holes of the diameters desired through 
the lead and along the axis of the tubes. 

The pin-hole tubes are machined to a sliding 
fit inside the tube, G. When a given set 
of pin holes is to be employed the appro¬ 
priate tube, /, is inserted in the tube, G, 
so that a brass ring, J, f in. from the 
lower end of the tube, I, is in contact with 
the lower end of the tube, G, where it is 
fixed in position with the special lock-nut K. 

In this position the upper pin hole is close 
to the under side of the cooling block, C, 
and the axis of the pin holes is normal to 
the upper surface of this block, and passes 
through the centre of the hole therein. 

The upper half of the pin-hole nearer the specimen is tapered as shown in 
Fig. 2, in order to prevent radiation diffracted by the edges of the pin hole 
from entering the camera. 

Plate-holder Support 

For the shortest crystal-lo-plate distance (about 2.2 cm.) the plate holder 
is supported on a brass tube L (see Fig. 1), which is fixed to the base, A, of 
the cameia by means of a flange and four thumb-screws. This tube is 1| in. 
high, 4J m. outside diameter, and has a wall thickness of -fc in., and its upper 
edge is normal to the axis of the pin-hole system with which also its .juris 
coincides. 

The ends of the copper coolmg tube, D, are insulated thermally from the 
tube, L, where they emerge from the camera, by the hard-rubber plug Jlf. 

Different crystal-to-plate distances may be obtained by the use of*a set 
of brass tubes, N, of appropriate heights, which make sliding fits inside the 
tube, L. By means of the slot 0 (see Fig. 3) they may be inserted in the 



Cross - sect ion 

Fig. 2. Pin-hole system . 
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tube, L, until their lower edges rest on the base of the camera. In this 
position their upper edges are normal to the axis of the pin-hole system, 

P 




N 

D 



Fig. 3. Subsidiary plate-holder support. ' 


and that area of the slot 0 which is not closed by the plug is covered by the 
tube L. 

A small slot, P, in the upper edge of the tube N, is required for one of the 
parts of the plate holder. 

Plate Holder 

The plate holder is shown in Fig. 4. The brass ring Q fits closely over either 
the main plate-holder support L (Fig. 1), or the tube N (Fig. 3). The alumi- 



Fio. 4. Plate holder. 
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nhmi plate R and the aluminium frame 5 are fixed to this ring with screws. 
A hole in the former, of the same diameter as the smallest inside diameter 
of the ring Q, is covered with a sheet of black light-proof paper which is 
fastened between the plate R and the frame S. 

The back of the plate holder is an aluminium plate T, in. thick, which 
fits closely inside the frame S, and is lined with a piece of felt, U. It is held 
in place by two pieces of spring brass, V, which are free to rotate about their 
centres. When the plate holder is loaded, the ends of these strips are pressed 
under the heads of large flat-headed screws, W, protruding from the frame, 5. 

The comparatively deep frame 5 (f in.) permits the use of films or plates, 
with, or without, a backing intensification screen, while the spring clips 
ensure firm contact in all cases between the film or plate and the front of the 
plate holder. 

The undiffracted portion of the incident X-ray beam is prevented, if desired, 
from impinging on the photographic emulsion by lead buttons, X, i in. 
thick and of diameters depending on the size of the pin holes and the crystal- 
to-plate distance employed. These buttons may be screwed on the end of a 
brass rod, -$? in. in diameter, which passes through a hole in the brass ring Q. 
By means of a screw through the ring Q, the end of which is in contact with a 
flattened section of this rod, the lead button, X, may be pulled back out of 
the path of the incident X-ray beam, or pushed forward into a fixed position 
in which it absorbs the beam, without disturbing the plate holder. This rod 
fits the small slot P in the upper edge of the tube N (Fig. 3), and when the 
plate holder is in position this slot is covered completely. 

Description of the Cooling System 

As mentioned above, the temperature of the specimen on the cooling block, 
C, is controlled by circulating a suitable liquid at any desired temperature 
through the cooling tube D. For the present experiments at temperatures 
between 0° and —60° C., acetone has been employed as the circulating liquid 
and a mixture of solid carbon dioxide and acetone as the cooling medium. 

The closed circulation system at present in use is represented diagrammati- 
cally, and not to scale, in Fig. 5. A volume of about 200 cc. of acetone is 
circulated continuously by means of the pump e through the coils i and j, which 
are packed in a mixture of solid carbon dioxide and acetone, thence through 
a heating coil k, and finally through the cooling tube D around the cooling 
block, C, in the camera, and back to the pump e. The acetone flows through 
the system at a very steady rate, leaves the coil j at a constant low 1 '“tem¬ 
perature and is warmed to the temperature desired by means of a constant 
current in the heating element k. Very steady temperatures of the cooling 
block, C, are obtained by this method, and the temperature can readily be 
adjusted by altering the rate of flow of the acetone and varying the fSitrent 
through the heating element. 
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The acetone flows through \ in. copper tubing, with the exception of 
sections a, b , c and d, the first three of which are made of soft glass and the 
last of Pyrex. All sections of tubing except these are heat insulated with 
asbestos, and the connections between sections are made with heavy w r alled 
in. rubber tubing. This has proved to be quite satisfactory and is more 
amenable to alterations in the system than metal connections proved to be. 

The pump, £, consists of a 2\ in. length of 2 in. copper bellows tubing, £i, 
the ends of which aie closed with brass sheet. A short length of \ in. brass 
tubing, £ 2 , connects the inside of the bellows to a hole through a length of 
1 in. square rod, £ 3 , the ends of which are fitted with the inlet and outlet 
valves, £4 and £ 6 , respectively. These valves are held in position against their 
seats by light, coiled springs. The pump is fixed to a rigid w r ooden base by 
means of a brass flange at the back of the square rod £3. 

The rod £ 6 , attached to the centre of the brass sheet at the upper end of 
the bellows, e u is held by a set-screw in a brass tube which constitutes the 
pivoted arm of an adjustable eccentric, /. The eccentric is driven by a 110 
voltd-c. shunt wound motor, g (max. speed rating, 1800 r.p.m.),acting through 
a fixed reduction gear, h , and two sets of pulleys, as shown schematically in 
Fig. S. The displacement of the pump may be varied by means of the adjust¬ 
able eccentric, while a wide variation in speed of operation is provided by a 
variable resistance in the field circuit of the motor, and by the sets of pulleys 
on the motor and eccentric drive shafts, respectively. 
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Each of the cooling coils i and j is in the form of a spiral wound from 25 
ft. of i in. copper tubing. Two coils set up in separate Dewar flasks are in 
use so that, since the maximum rate of consumption of solid carbon dioxide 
occurs around coil i , the supply of solid carbon dioxide can be replenished in 
the first Dewar flask without disturbing the temperature equilibrium of the 
system. 

The heating element, fe, consists of a coil of 10 ft. of nichrome wire (23 B. 
& S.) wound over the asbestos-covered length of Pyrex tubing d . Suitable 
known currents may be passed through the coil, k , by means of a slide-wire 
rheostat in the main (110 volt d.c.) electrical supply circuit. 

The distances between the cooling coil j and the heating element, k 9 and 
between the latter and the tube D in the camera, are as short as possible. 

The cooling system is filled by opening the taps /, m, and o } in the tubes 
a, 6, and c. Acetone flows into the system from the storage aspirator bottle, 
n, and the displaced air escapes through the tubes a and b. These tubes 
and the pump, e } are above the level of all other points in the closed cooling 
circuit. When acetone appear* in the tubes a and b % the taps /, w, and o 
are closed and the pump e is brought into operation. The resulting circu¬ 
lation of acetone drives any air remaining in the system into the tubes a and b . 
From time to time the taps /, m, and o are opened and this accumulated air 
is replaced by acetone. After a few minutes operation no more air appears 
in the tubes a and b and the system is ready for use. 

In practice a small volume of air is allowed to remain in the tubes a and 
b to serve as an air cushion and thus ensure a steadier flow of acetone when 
the pump is in operation. A small head of liquid also is supplied by having 
the acetone levels in a and b above that of the pump, thus facilitating the 
operation of the valves and c 6 . When the temperature of the acetone is 
reduced, the resulting decrease in volume is counteracted by the addition of 
more acetone from the storage bottle, n, through the tap o. 

Temperature Measurement and Control 

The temperature of the sample is determined by means of a copper- 
constantan thermocouple and a Cambridge portable type potentiometer. The 
fixed temperature junction of the thermocouple is immersed in an ice-water 
mixture, while the other junction is placed between the specimen under 
investigation and the cooling block, C, in the camera (Fig. 1). The washer E 
ensure^ good contact between the specimen, the thermocouple junction, and 
the cooling block. Insulated leads from this junction pass out of the camera 
through the small holes, F, in the base, A, and thence between the base, A f 
and the lead sheet to the edge of the base where they are brought up to the 
binding posts, Z. These binding posts are equipped with specially designed 
hard-rubber washers for electrical and thermal insulation of the ends of the 
leads. Lengths of the same wires connect the fixed temperature junction 
and the potentiometer with these binding posts. In this way the camera may 
be transported if necessary without moving the entire thermocouple circuit. 
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As previously mentioned the temperature of the specimen is controlled 
by varying the displacement of the pump, e, its speed of operation, and the 
current in the heating element, k. The e.m.f's. generated by the thermo¬ 
couple are observed continuously during an exposure and the temperature is 
adjusted accordingly. It has been found, however, that once the desired 
temperature has been attained the cooling system seldom requires any further 
attention, and will maintain the temperature constant (at least to 0.1 or 
0.2° C.) for several hours without further adjustment. 

It may be mentioned that in regulating the temperature it is desirable to 
keep the number of strokes of the pump per unit time as large as possible, 
in order to maintain as steady a flow of acetone as possible through the 
system. 

Discussion 

Since the camera described in this paper was designed primarily for speci¬ 
mens at temperatures below 0° C., it was necessary that it should be vapor 
tight. This was effected by covering the line of contact between the plate- 
holder support, L, and the base, A, and those between the jilug, M, the plate- 
holder support, L, and the tube D with plasticine. All lines of contact 
inside the camera where diffusion of water vapor from the outside to the 
inside might occur, were smeared with petroleum jelly as were also the outsides 
of the tubes N and I, respectively. The pin hole nearer the X-ray tube was 
covered with a thin sheet of moisture-proof cellophane, and another thin 
sheet of the same material was stretched across the front of the plate holder 
and held in position between the ring Q and the plate R. With these pre¬ 
cautions a negligible deposition of frost takes place on the cooling block C 
and the tube D even after several hours at a low temperature. This small 
amount can be prevented from forming, if desired, by removing the moisture 
from the air in the camera by means of a small dish of phosphorus pentoxide 
placed therein before reducing the temperature of the cooling block. 

As pointed out previously, the present camera is readily applicable to the 
study of materials other than gels at temperatures other than those below 
0° C. For temperatures between about —15° C. and room temperature the 
cooling coils i and j may be packed in mixtures of calcium or sodium chloride 
and crushed ice. For higher temperatures the acetone in the circulating 
system may be replaced by water or other suitable liquid, and the coils i and j 
immersed in automatically controlled oil thermostats at a temperature 
slightly below the one required. If desired the heating element k and the 
tube d may be removed, and the temperature of the specimen regulated by' 
adjusting that of the thermostats around the coils i and j. 

The camera is suitable for the study of almost any kind of material by the 
monochromatic pin-hole method. It may also be employed for Laue photo¬ 
graphs if the crystal has a well developed face normal to the axis along which 
it is desired that the X-ray beam should pass. 
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Gels, metal foils, papers, etc., which do not require a special support, are 
placed on the cooling block so that they cover the 3 mm. hole and are there 
held in position by the washer E. Powdered specimens may be placed on 
a strip of thin metal foil, cellophane or mica, the last, if diffraction rings from 
the first two interfere with the pattern from the specimen under investigation. 
Alternatively the powder may be mixed with an amorphous binder and 
pressed into a thin sheet. Liquids may be placed in a shallow copper frame 
with a mica bottom. 

If a larger range of 20 angles than that possible with the use of a flat plate 
holder is desired, the plate-holder support, L, may be replaced by a semi- 
cylindrical film-holder of 10 cm. radius which can be fastened to the base, A, 
with thumb-screws in such a i>osition that the sample is at the centre of 
curvature of the film. A slit system instead of pin holes may be incorporated 
in the tube I. 

The camera, therefore, appears to lend itself readily to such modifications 
as may be required by specific conditions other than those for which it was 
primarily designed. 

Reference 
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VIBRATIONS OF POWER LINES IN A STEADY WIND 
I. THE ALTERNATING FORCES EXERTED BY THE WIND 1 
By R. Ruedy 2 

Abstract 

The theory of the structure of eddies formed in a steady wind at the surface 
of a wire placed at a right-angle to the direction of the wind shows that the 
alternating force exerted upon the obstacle is proportional to the diameter d 
of the wire and to the square of the wind velocity U. The force is of the same 
order of magnitude as the drag in the direction of flow, but changes sign with 
the formation of each new eddy near the obstacle. 

When the expression for the force is introduced into the equation of motion 
of the vibrating string, and damping by the air is taken into account, the com¬ 
puted amplitudes, A, proportional to the force and inversely proportional to 
the damping coefficient and the frequency, agree with the small amplitudes 
observed in the field in moderate winds and known by experience to damage the 

cables near the support. The result may be expressed as A « d^U^. 

Introduction 

r 

The fact that musical sounds are produced when the wind flows past a 
stretched wire or similar obstacle of suitable length was known in Biblical 
times, but the relation between the speed U of the wind, the thickness d of 
the wire and the frequency / of the sound was established only in 1878 for 
wires about 1 mm. thick and velocities of a few metres per second (8). The 
frequency is higher the faster the wind and the thinner the string, so that 
approximately 

/=°2f, 

U and d being expressed in the same units. Somewhat smaller values are 
obtained in light winds and also for wires less than 0.03 cm. in diameter. 
Providing that the speed of the wind exceeds a few metres per second, the 
sound reaches its greatest intensity when the frequency / approaches one of 
the resonance frequencies of the wire. By fastening the wire upon a frame and 
whirling it around, more than 25 overtones can be produced in succession, not 
all of them, however, with the same strength (8). The tentative explanation 
suggested at the time, namely, that the sound is due to internal friction 
which forces air masses to detach themselves from the wire, was confirmed 
long afterwards through studies on the double row of eddies forming behind 
the wire in running water and in air and their relation to the steady resistance 
presented by the body if it is not streamlined (2-5, 9, 10). 

The alternating component of the effect, on the other hand, has within 
the last ten years become of direct practical importance in connection with 
transmission lines. With conductors being made thicker and thicker, in 
some cases nearly five centimetres in diameter, the small vibrations caused 
1 Manuscript received September 28, 1935 . 

Contribution from the Division of Research Information, National Research Laboratories , 
Ottawa , Canada. 

* Research Investigator , National Research Laboratories . 
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by light but steady winds, often during more than one-half of the year, have 
been found by engineers almost without fail to damage the cable in the long 
run and cause breaks by fatigue near the supports. On account of the con¬ 
siderable amount of experimental work carried out for a number of years, 
by power companies and cable manufacturers, in the laboratory as well as in 
the field, on these small vibrations of less than one inch amplitude, it seems 
worth while to develop the theory of the typical vibrations produced by air 
eddies in so far as they are of practical interest. To this end it is necessary 
to ascertain the alternating forces exerted in a vertical direction upon a wire 
placed in a horizontal wind, at right angles to the direction in which it blows, 
and to study the influence of air-damping, hitherto considered as a negligible 
factor, upon the vibration. It will then be possible to find what amplitudes 
are to be expected under the influence of a steady wind. 

The Forces Exerted upon a Cylinder by the Malloch-Karman 

Trail of Eddies 

When a steady wind strikes the cylindrical surface of a stiff wire, the lines 
of flow are distorted; they curve upward and downward so as to avoid the 
obstacle. The centrifugal forces that are set up on both sides of the cylinder 
create a pressure against the wire. The changes in the streamlines on the 
upstream side of the cylinder might be expected to be duplicated but in the 
opposite sense on the downstream side, so as to neutralize their effects, were 
it not for forces of inertia and the energy lost by internal friction. The slower 
portions close to the surface of the w r ire are dragged along by the outer layers, 
so that the streamlines join less readily behind the obstacle than they spread 
on meeting it. As a consequence, air is pushed from the downstream side 
into the voids which tend to form, and eddies are set up near the body at the 
surface of contact between the masses which move in opposite directions. 
In the steady state these eddies follow' one another alternately first on one 
and then on the other side of the diameter that lies parallel to the direction 
of the stream, or on the upper and the lower side when the wire is placed in 
a horizontal position—and move downstream, more slowly, though, than the 
air. At some distance from the body, the ratio uj U of the common velocity 
of the eddies, u, to the velocity U of the undisturbed air stream becomes 
nearly constant and equal to about 0.14 for a circular cylinder, while the 
distanct l between the eddies lying on the same line is about 3.2 times the 
distance h which separates the two series of eddies and which, as is to be 
expected, is only slightly larger than the diameter of the cylinder (3). If 
one eddy rotates in one direction the eddy following it on the other <side of 
the track rotates in the opposite direction. Considerable energy is required 
to establish and maintain these whirls and, while, when the fluid merely 
creeps, the resistance offered by an obstacle is due entirely to friction and is 
proportional to the velocity, at higher speeds the resistance is pic|teiced by 
internal friction and eddy motion until finally the flow becomes turbulent* 
At any point in the system of vortices on the downstream side of the obstacle t 
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the velocities in the U- or x- t and y-directions, when a spot half-way between 
two contrary vortices and far from the obstacle itself is taken as the origin 
(Fig. 1), are for an observer at rest: 



where in the steady state T = uly/8 = 2.82 ul, apart from the sign. 


The two components of the velocity are by no means alike. The com¬ 
ponent along the x-axis remains positive in the space between the paths 
followed by the two rows of eddies, that is, between y « +h/2 and y = —h/2 , 
and becomes negative in part of the outer portions of the eddies, but is never 
negative throughout the width of a section having a given value of y . On 



Fig. 1. Eddies produced on the downstream side of a cylindrical obstacle of diameter d + k, 
placed to the left of the origin so as to be normal to the flow along the x-axis. 
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the other hand, the component v y along the y-axis is negative between x — 0 
and x ** //4, whatever the value of y, positive in the strip between * = l/i 
and x * 3//4, and changes sign once more in the last quarter of the section. 
Moreover, two points at the same level y, but a distance 1/2 apart, have the 
same speed parallel to y, but in opposite directions (Fig. 1). Broadly speaking, 
there is thus an upward rush of air one-half of the time and a similar down¬ 
ward motion during the rest of the time. Both v t and v y return to the same 
values after each distance x — l, or taking into account the time required for 
the eddy system to traverse this length, after l/(U — u ) seconds, for an 
observer moving with the eddy system. At the end of any such period, 
conditions are the same as before except that a new pair of eddies has joined 
the procession. The excess of momentum, J, produced in unit time per 
unit length of the cylinder, along the x- and y-axes in the disturbed region, 
over that in the corresponding section ahead of the obstacle, must be derived 
from forces of friction acting upon the body by way of the boundary layers. 
Now for any one strip of density p parallel to y 



and 


r' n r~ 

A J v *» p dx I v v dy . 
y*-o J -on 

The summation is extended to infinity although the extreme limits of y 
may instead be taken equal to +2h and — 2 h t if desired, since beyond this 
distance the eddy motion actually vanishes. With 

A .. / A (ir a\\ t a 3 r a 

tan^tan^-^j- 2"2 0r 2 T 

/ co8h 8 Z ‘ n -cosa dz “ 2 tan " ( COtan l tanh I) ” 2 tan "‘ ( tan (l ~ 0 tanh I) 
and 


r f 

I vtdy - I 
J -00 J -00 


sm 


cosh cos Qfx + f) 




sin (~r * ~ 2 ) 


cosh (y ~ j) ~ cos (~p * — 2) 




If the positive sign applies to the space between two eddies of opposite 
sense, the negative sign applies to the space between the next t$o eddies. 
Apart from the sign, the momentum is constant for one layer, so that for the 
strip 1/2 cm. long the total increase of momentum per second per unit height 
of the obstacle, is: 


a/ 1 


At 


* - ± £(. u - h ) r. 
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This value must be considered as produced by a steady force acting upon 
the cylinder in the y-direction; expressed in dynes per unit length it can be 
written as 

P - ± | tf(i --g)r - l .2„m , 

and is therefore proportional to the square of the wind velocity U (measured 
in cm. per sec.). It also increases with the thickness of the cylinder inasmuch 
as the width of the track of eddies, h, increases of course with the diameter 
of the obstacle. This conclusion seems to be in agreement with experiment (4). 


The experiment shows that d/l is equal to about 0.23 so that 


1 

T 



TJ (1 - «/U) * 0.2 


U 

d 


f • 


Since, moreover, for each interval 0 < t < t/2, 

4/. 2ir , 1 . . 2r 1 . - 2r \ 

1 *= -1 sin — t + i sm 3 — I + 7 wn 5 — I + . ... 1, 

7 r\r 3 t 5 t / 

the force P may be written and considered as the sum of sine waves, the first 
and strongest of which has the same period as the force: 

P = 0 215 pTU ^sin pt + i sin 3 pt + ^ sin 5 />/ + .... ^ , 

The force acting upon the cylinder in the x-direction has been determined 
by the same method. Since 

2t 


/ C sinh 

J 


¥(»±S) 




± sin 


TT x dy ” hr /M ( cosh H(y ± 0 1 bin T*) * 


and for any one point y = mh, when m is a large number, 


/*+mh /•« 

/ Vsdy = 1 / 

J-mk J 0 


t cosh 4- 1) 

- a — t, - 


cosh — h(2m 


1) 


hr 

1 


it follows that, for any one layer parallel to the y-axis, the momentum is 
constant as to sign and magnitude. For the space occupied by one pair of 
eddies, therefore, 


A J x 
A t 


p(U-u)^T = 1.132 


This value is equal to the steady force exerted by the stream upon the cylinder 
as a result of the formation of eddies. It forms an appreciable fraction of 
the total resistance, D, per unit length offered by the cylinder in the direction 
of the X-axis, namely (3) 

D - p T^(U-u) - pT^u+ p£i - p/^(o.794-g-0.r(-g)^- 

since 



H 

Ul 



u 


0.59 



RUBDY: VIBRATIONS OF POWER LINES IN A STEADY WIND 


87 


As given, the expressions depend only on constants belonging to the trail 
of eddies; but in practical applications the resistance or the drag is often 
referred to the diameter of the cylinder and the velocity in the form 

D ■ cpd^j- > 

where, therefore, 

«- 2 (o.794 £ -«..($) I 

Since d/l is equal to 0.23, the drag coefficient c becomes equal to about 
0.92* In pounds per foot of length of the cylinder, this expression corresponds 
roughly to D « d VV5000, where d is in inches and V in miles per hour. 

The alternating force P acting in the y-direction can be transformed in the 
same way and becomes 

P « ± 2.83 BE (l -fyul - 0.085 plP^d “ 0.73 pd -y 

per unit length of the cylinder. The amplitude of the fundamental component 
of the force may, therefore, be taken as equal to 0.93 pdlP/2. A series of 
measurements on the damping of pendulums immersed in various fluids has 
given, in place of the coefficient 0.93 in the formula for the maximum strength 
of the cross force, values ranging between 0.61 and 1.05, the average being 
0.94 for cylinders ranging in thickness from 0.64 to 1.67 cm. (10). 

When d and U are expressed in centimetres and the density is put equal to 
1.25 X 10~ 3 at 10° C. and 760 mm. of mercury, the force is obtained in dynes 
per unit length. When d and U are measured in metres and p is put equal 
to about $ kg. per cu. metre, the force is obtained in kilograms (-force). 

Range of Validity of the Theory 

The forces in the y-direction have not yet been measured directly, but the 
drag, D, obtained in the .r-direction has been studied over a wide range. In 
the expression 

in 

D - cp^d 

per unit length, c is a factor which, experiments show, depends on Reynolds’* 
number,/?: 

R = ^ ^ P „ ftp 1 * 3 ^ Kinetic energy 

v rf Prjv Work against triction 

where 17 is the coefficient of internal friction. When the diameter, d, is 
expressed in centimetres and the speed, r, in centimetres per second, l/y==7 
at 10 ° C. The exact value depends on the temperature and on the pressure. 
Starting with a low Reynolds number, R, in which case the effects of internal 
friction predominate, the value of c for a long cylinder is large, but decreasing 
(9, p. 97). Between R = 1/10 and R — 1, it drops from 60 to hbout 10. 
At-R * 100 its value is 1.43 and at R = 1000 it is only 0.93. Beyond R «= 10~*. 
but R < 10*, it is fairly constant and equal to 1.2, so that the resistance is 
nearly proportional to the square of the velocity between R *= 10 * and R ■* 10*. 
This is die region in which the theory of the eddy structure accounts for the 
measured drag. 
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When R exceeds 2 X 10®, the value of c drops rapidly and reaches approxi¬ 
mately 0.3 (at R — 4 X 10*) only to increase again, though slowly, above 
this point. The flow in this range is turbulent. 

With diameters, d , from 0.5 cm. or less to several centimetres, and wind 
speeds between a fraction of a kilometre to SO and more kilometres per hour, 
the corresponding Reynolds numbers vary between about 1000 (d » 1 cm., 
v * 140 cm. per sec., a “wind” that is not felt as such) and 100,000, that is, 
they fall into the range where the square law formula holds. Experience 
shows, however, that when the wind velocity exceeds about 20 km. per hr. 
(550 cm. per sec.), and possibly even at lower velocities, the speed is found to 
vary from point to point and vibration ceases, so that the range within which 
the resistance formula applies without restriction to long cylinders exposed 
to the wind lies between the Reynolds number 1000 (for which c « 1) and 
50,000 (for which c = 1.2). Work in wind tunnels is usually carried out at 
higher values, R being about 5 X 10 8 . 

Amplitude of the Vibrations 

The steady detachment of eddies which are formed by the wind causes the 
conductor to vibrate in a vertical plane. There is of course no doubt that 
when displaced by the eddies the wire in turn modifies the eddies. But for 
the small displacements currently observed in practice, a few centimetres at 
the most on loops several metres long, and for the usual low frequencies, not 
more than 100 cycles per second, the motion of the wire is slow compared 
with that of the wind, so that the forces computed for the stiff cylinder are 
also exerted upon the flexible line. The line begins to resonate when the 
eddy frequency, which remains 


approaches one of the resonance frequencies of the stretched conductor. The 
speed, U , in the present case exceeds 100 cm. per sec. (two miles per hour), 
the velocity at which the wind makes itself just felt. As the velocity of the 
wind increases from 100 to 1000 cm. per sec., the eddy frequency for a wire 
2 cm. thick varies from 10 to 100 per second, that is, it belongs to the vibrations 
forming the lowest audible range. On the other hand, the fundamental 
frequency in the plane of the span varies for high voltage lines between a 
fraction of a cycle and about two cycles per second, so that the procession of 
eddies excites only very high harmonics in the span. 

In order to establish the effects of a steady wind upon the span, the con¬ 
ductor is conveniently considered as a string to which the required external 
tension is applied, displacements in the plane of the span being measured 
from the position of equilibrium and parallel to the vertical. A comparison 
of observed and computed amplitudes, however, is justified only if allowance 
is made for damping by friction. 
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If m is the mass per unit length of a stretched string or of a catenary, and a 
force mY(<r, t)da acts at the time t on an element of length da of the string 
in addition to a damping force proportional to the velocity, the partial differ¬ 
ential equation of motion is (11) 

&U , dU , _ 8’U ... . 

+ r Tt + T l? ~ wF(<r><)> 

or, writing c* ** T/tn, 


dt 1 


+ 



do* 




Assuming Y(a,t), the force exerted upon unit length and unit mass, to be 
a periodic force Y sin pt, where p corresponds to the eddy frequency, a parti¬ 
cular solution of the equation giving the displacement « in the vertical, may 
be given as 


D] + 2 kD t - c'D' a 


sin pt sin Kr - , 


where k is an integer, s the length o r the curve described by the conductor, 
while D t is the symbol for 6/ dt, and D ffi the symbol for d/d<r( 11). Restricting 
the solution to sine waves 

~ sin pt — 2 kp cos pt 

U « Y Sin Kir - - 7 - z -rr-• 

■ (•?■•$-r) - 


In the general case the motion u consists of a sum of such terms with different 

values of k . The highest amplitude of a wave of angular frequency Kt r - = 2i/ 

s 

is 


■A *m 


and is reached when 


Y 

2kK*~ 
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Y . 
4 * kf* 





K?T* -1 

s * 


2 

i* 


provided that this expression is positive, a condition always satisfied when 
k is decidedly less than the critical damping coefficient, k ire/2s, or the reson¬ 
ance frequency. The term approximately corresponding to resonance between 
the external frequency and one of the natural frequencies of the wire in the 
absence of damping is the only value that is of practical importance As 
soon as Y and k are known the theory may be compared directly with the 
scattered observations on conductors that have been made under favorable 
conations. 

a. Damping for Small Amplitudes 

When the Reynolds number, R, corresponding to the average velocity of 
the vibrating string is smaller than unity, the damping coefficient k, that is, 
the natural logarithm of the ratio between successive amplitudes multiplied 
by the frequency, is given by a formula derived by Stokes (12, p. 105) 

t _ W*pfv v 

* Pid 
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In this formula, i? is the viscosity of the air (1.77 X10"* at 10 p C.) } P its density 
(1.25 X 10~ 8 at 10° C.), and po the density of the material from which the 
string is made. For quiet air at about 10° C. 

, __ 0 0033V/" 

Since k includes only the effects due to internal friction in air, it represents 
the smallest possible value of the damping coefficient. For a given frequency, 
damping becomes pronounced when the wire is very thin and of a light 
material. But even tor aluminium lines, the damping coefficient is but 
slightly larger than /Vl000 d. Overtones are more strongly damped than 
the fundamental. 

Table I shows observed and computed values for a steel string 58.9 cm. 
long and 0.081 cm. thick (p 0 = 7.8) tuned in turn to two different frequen¬ 
cies (6). The amplitude of the vibration, obtained in this case by means of 
an electromagnet, was of the order of 0.01 cm. The measured damping 
coefficients are higher than the computed coefficients, but calculation of the 
Reynolds numbers for the highest velocity v = 2 irfA (in place of the average 
velocity 4fA) of points on the loop shows that the condition that R be smaller 
than unity is not fulfilled over an appreciable length<of the string during an 
appreciable fraction of the period, so that higher values are to be expected 
for k. 

TABLE I 

Measured and computed values of the damping coefficient, k , for a steel string 
0.081 cm. thick, 58.9 cm. long, p u = 7.8. (Amplitudes about 0 01 cm.) 


Frequency, 

cycles/sec. 

Number 
of loops 

t 

Obs. 

k 

Calccl. 

Vm 

2 ?m 


7? av . 

252 

2 

0.18 

0.08 

15 8 

8.9 

M 

3 5 

505 

4 

0.25 

0 12 

31 7 

17.8 


7 1 

635 

5 

0.51 

0 13 

39 9 

22.3 

16 

9 0 

904 

7 

0.81 

0.16 

56.8 

31.8 

22 6 

12 7 

230 

1 

0 23 

0.08 

14 4 

8.1 

6 

3.6 

462 


0 33 

0 12 

29.0 

16.3 

12 

7.2 

694 


0 28 

0 14 

43.6 

24 4 

17 4 

10 9 

928 


0.37 

0.16 

58.3 

32.6 

23 

14.5 


* 2.5/4. v m - 6.28 fA. 


Table II gives the damping coefficient, k , and the amplitude, A, in cm., as 
computed for one of the wires used in the early experiments on sounds 
produced by the wind (8). The Reynolds number has been calculated for 
the average velocity v = 2.5 fA in the loop. The last two columns contain 
the average frictional resistance, 2kmv f entering into the equation of motion, 
and the air resistance, D , for the same velocity, v 9 but, in place of the alter¬ 
nating, a steady motion. For cylinders, the resistance to be overcome when 
displacing them in quiet air is (9, p. 97) 

n _ tj 

~ ~ 2.002 - InR u ' 


as long as R £ 1. 
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TABLE II 

COMPUTED VALUES OF DAMPING COEFFICIENT k AND AMPLITUDE A FOR A WIND-DRIVEN WIRE 
OF BRASS (0 05 CM. THICK, 73.6 CM. LONG, p 0 = 8.4) 


u 

cm ./sec. 

cycles/sec. 

k 

per see. 

Y 

dynes 

A„. 

cm. 

V*v 

cm./sec. 


Ikmv 

D 

244 

706 

1 

25 0 


22.9 

8 

0 67 

0.04 

287 

885 

HS9 

34 6 


29.0 

10 

1.0 

0.08 

331 

1062 

0 27 

46.0 

0.013 

34 5 

12 

1.2 

0.08 

397 

1330 

0.31 

66 2 


43.2 

15 

1.8 


445 

1513 

0.32 

83.2 


49.1 

17 

2.1 



b . Damping for Large Amplitudes 

Since the alternating force acting in the wind upon a wire is proportional 
to the diameter, d , and the square of the speed, Z7, of the wind, and with the 
frequency at resonance proportional to the ratio U/d, the amplitude, A, is 
given by 

A - T~~~7L - «P* if* 

47 rfk * ' 

where a is a constant for a given wire. The amplitude increases but slowly 
with the wind velocity, particularly in high winds, but more rapidly with 
the thickness of the wire, a diameter 10 times larger producing an amplitude 
31.6 times larger at, of course, a frequency 10 times lower. When, however, 
the displacements exceed a few millimetres and the frequencies are as usual 
above 10 cycles per second, the resistance of the air increases, the damping 
forces tending to become proportional to the square of the velocity of motion 
in place of being proportional to the velocity. Pending a more detailed 
investigation, an approximate value of the damping coefficient may be 
deduced by observing that at R = 1, where D = 2irrjU f the formula for k 
may be written 

k _ 2 V2pfD/ [I _ 

Pod 

Assuming that in this form the formula is also valid for larger values*of R , 
for instance, in the range of the eddy trail, where 

D 1 pdv* % 

a new value is obtained for the_ damping coefficient which is (pdv/4rri) k 
times larger than fc, or about 5 V dv times larger than k. Damping coefficients 
of this order give, even for thick conductors, amplitudes that do not exceed 
a few centimetres, or displacements of the magnitude observed in the field. 

Comparison with Observations in the Field 

Since the frequencies excited in the conductor by light winds amount to 
at least 20 cycles per second, when U = 100 cm. per sec. and d =* 1 cm., and 
correspond to high overtones, a change of only 5 cm. per sec. in the speed of 
the wind produces in the course of time the next higher overtone,* Wind- 
strengths are very seldom steady to within a few per cent, so that standing 
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loops and nodes that form on the line tend to shift about in an irregular 
way, each vibration taking, of course, a certain time to become fully estab¬ 
lished. Moreover, when the eddy frequency falls midway between two 
overtones, the winds excite both harmonics to about the same extent. In 
other cases, the speed of the wind changes gradually along the span (1, p. 257).' 
Hence the records from vibrating lines show, more often than not, the existence 
of several vibrations and beats such as are produced by two neighboring 
frequencies (7). 

Among the large number of records taken on power lines, there are very 
few giving a steady amplitude at a single frequency (7). For instance, a 
steel-reinforced aluminium conductor 1.43 cm. in diameter has been found 
to vibrate with an amplitude of nearly 0.25 cm. in a wind of three miles per 
hour (169 cm. per sec.) blowing at almost a right-angle to the line (75°). The 
Reynolds number corresponding to the highest velocity of points on the 
loop (36 cm. per sec., the frequency being 23 cycles per sec.), is about 350, 
and hence beyond the range where the formula for k is valid (k = 0.004). 
With a force Y = i.lpdlP/poird? acting upon unit mass, the correct amplitude 
results for a damping factor k equal to 0.08, which, as shdwn by experiment, 
is a reasonable value for cables of this type. 

It seems, therefore, that the trail of eddies accounts not only for the fre¬ 
quency, but also for the amplitudes of the vibrations set up in wires by a 
steady wind. 
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A NOTE ON THE SPECTROSCOPIC DETERMINATION OF THE 
VITAMIN A CONTENT OF PILCHARD OIL 1 

Bv G. M. Shrum* and Thomas G. How* 

Abstract 

An attempt has been made to measure spectroscopically the Vitamin A 
content of pilchard oil. Using the same conversion factor as for cod liver oil, 
measurements of the extinction coefficient at 3280A gave Vitamin A values 
much larger than those obtained by biological tests, ft has been shown that 
this discrepancy cannot be wholly ascribed to either the coloring matter or the 
saponifiable material in the oil. A satisfactory check on the results can be 
obtained only when it is possible to remove completely the Vitamin A from the 
oil, without otherwise modifying it. 

Introduction 

It has been fairly well established that Vitamin A concentrates and oils 
of high Vitamin A potency give a constant ratio among the results of the 
biological, chemical and physical methods for the determination of the 
Vitamin A content (2, 3, 6). Since spectroscopic measurements are relatively 
easy to make and at the same time tend to give the highest degree of accuracy 
(7), it seemed worth while to try to extend this method to measurements of 
the Vitamin A content of lower potency oils. This report deals chiefly with 
such an attempt, the oil under investigation being British Columbia pilchard 
oil. Some preliminary results are given to indicate the possibilities of the 
method. A more extended analysis can be made only when a greater number 
of biologically tested samples are available. 

For high potency oils the Vitamin A content in 1934 International Vitamin 
A units can be obtained from the extinction coefficient at 3280A by using 
a suitable conversion factor. The extinction coefficient, Jfe, is defined by the 
equation J —JolO~**, where Jo is the light incident on the absorbing solution 
and I that which is transmitted through x cm. of the solution. The value 
of this coefficient at 3280°A was determined by a visual method, using a 
fluorescent screen, and also photographically. Where it was necessary to 
obtain k for different wave-lengths, absorption spectra were obtained with 
the^use of a step-sector and a quartz spectrograph. 

Experimental 

The most convenient method for determining k was found to be the visual 
method. It included the use of a copper arc, a filter which transmitted a 
narrow band at 3280A, a fluorescent screen and some mechanism for con- 

1 Manuscript received September 16 , 1935 . , ^ 
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trolling the intensity of the incident light. Such a method has been developed 
by Adam Hilger, Ltd., and the apparatus named a “Vi tame ter A.” An 
instrument somewhat similar in design was constructed and used in this work. 
While, in the “Vitameter A,” a cylindrical lens and rectangular aperture are 
used for adjusting the intensity, in this instrument the variation in intensity 
is controlled by an adjustable sector. The instrument is shown in diagram 
in Fig. 1. A is a copper arc run at 3 amp. on a d-c. circuit of 110 volts; Bi 



o G c 8) b 2 


Fig. 1. Arrangement of the apparatus for visual spectrophotometry at 3280A. A, 
copper arc; B lt B t , circular apertures; C, a silvered quartz filter; D, cell for the solution; E, 
an adjustable sector; F, a fluorescent screen of uranium glass; G, a compensating glass plate. 


and Bt are two small circular apertures; C is a light filter consisting of a 
silvered quartz window which transmits a narrow band of radiation at 3280A 
(9 ); D is a cell containing the solution under examination; £ is an adjustable 
sector; £ is a fluorescent screen of canary glass. A compensating glass 
plate, G, is placed in the beam which does not pass through the solution. By 
varying the adjustable sector the intensity of the light passing through B t 
can be varied, and the two images at F can thus be brought to the same 

brightness. From the angular setting of the sector, log-j- can be found, and 

hence k. The sector was run at a speed of 30 rev. per sec., sufficiently fast so 
that there was no flicker. Talbot’s law, which states that, “the apparent 
intensity of an intermittent light is proportional to the time of each individual 
flash, provided there is no flicker,” would then hold. 


The order of accuracy of such a determination can best be shown by 
graph A, Fig. 2, plotted to illustrate Beer’s law, which postulates a linear 
relation between extinction coefficient and concentration. The concentration 
is given in terms of the number of grams of oil per 100 gm. of the cyclo¬ 


hexane which was used as solvent. 


Values of log — plotted on the graph 


were average ^values of five readings which seldom deviated more than 5% 
from the mean. This visual method was checked by finding k photographically, 
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Fig. 2. 



% CoNCENrx/tr/OM 


Graph showing the linear relation between log I Q /I and concentration . 


using for the purpose the well 
shows how the two methods 
was necessary to determine 
a photographic method with 
a step-sector (5) was used. 
Fig. 3 shows diagrammati- 
cally the arrangement of 
the apparatus. By means 
of a sphero-cylindrical lens, 
light from an iron arc was 
condensed upon the slit of 
a quartz spectrograph (Hilger 
E. 1) in such a way that 


known Hilger sector photometer (4). Table I 
agreed for a sample of pilchard oil. When it 
the absorption spectrum over a wider range, 

TABLE I 

Visual determinations of log It,/I compared with 

THOSE OBTAINED WITH SECTOR PHOTOMETER 


Concentration, 

% 


0.75 

1.00 

.43 

.43 


Visual 
method 
log Io/I 

0.34 

.51 

.21 

.21 


Sector 
photometer 
log Io/J 

0.32 

.49 

.21 

.23 



Fig. 3. The arrangement of the absorption cell and the step-sector. 
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the light remained parallel in the vertical plane. The absorption cell 
was placed close to the slit so that the resulting spectrum was divided 
into two sections, the light passing through the upper part of the 
slit being the radiation that had traversed the absorbing solution in 
the cell, and that incident on the lower part being the comparison beam. 
The calibration of the comparison beam was effected by means of the 
step-sector placed between the slit and the cell. The sector was arranged 
so that both beams were intermittent. The construction of the absorption 
cell did not eliminate errors due to reflection and absorption at the cell win¬ 
dows. However, these errors would not affect, materially, the shape of the 
absorption curve, within the wave-length range used in this work. A Moll 
microphotometer was used for measuring the densities of the plates. 

As a solvent, spectroscopically pure cyclohexane was used throughout the 
experiment. Solutions were prepared and allowed to stand for 12 hr., other¬ 
wise different portions of the solution gave different values for k. The quartz 
windows were cemented with a commercial cement called “liquid solder/ 1 
which has two advantageous properties. It is not soluble in cyclohexane, 
and it is easily removed when the cell is dismantled in order to clean it. 


TABLE II 

Comparison of the biological and physical 

DETERMINATIONS OF VITAMIN A CONTENT 


Sample 


Standard solution 
Cod liver oil 
Pilchard oil No. 1 
Pilchard oil No. 2 


Vitamin A content 
Biological Physical 


Results 

Several samples of pilchard oil were studied. Two of these, as listed in 
Table II, were also tested biologically.* In order to check the method, a 

biologically tested cod liver 
oil and a standard solution 
of Vitamin Af were tested 
and the results included in 
Table II. 

The second column in the 
table was obtained by multi¬ 
plying the extinction coeffici¬ 
ent for a 1% solution by a 
conversion factor of 1600. 
Somewhat lower values for 
the conversion factor have 
been used by some workers but this value gave a very good agreement, 
between our results and the biological tests, for the standard solution 
and the cod liver oil. In the case of the pilchard oil there is a very 
large discrepancy between the results obtained and the biological values. 
The high values given by the spectroscopic method must be caused by 
other absorbing substances in the oil. That such extraneous absorption 
is common in the oils of low Vitamin A potency has been observed 
by other workers (8). In many cases it has been shown to be due to 
the free fatty acids which can be eliminated by saponification. A sample 

*On albino rats by B. E. Bailey of the Fisheries Experimental Station , Biological Board of 
Canada t Prince'Rupert Station. 

^Obtained from British Drug Houses , Ltd., through the courtesy of Charles Anders , 


12,500 

650 

120 

175 


11,700 

620 

380 

580 
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of pilchard oil No. 1 was therefore saponified (1) and its absorption spectrum 
before and after saponification was obtained by the method previously 
described. These absorption curves are shown in Fig. 4. The extinction 



2000 3000 9200 3000 3000 3800 

V/NVEL£HGTH 


Fig. 4. Absorption spectra of pilchard oil. Curve B, the normal oil; Curve C, the 
unsaponifiable fraction of the oil; Curve D, the unsaponifiable fraction of a sample in 
which the Vitamin A had been previously destroyed by oxidation at 90° C. 

coefficient at 3280A, as determined from Curve C, was somewhat less than 
that given by Curve B, thus showing some absorption by fatty acids in the 
oil. However, the corrected value of the Vitamin A content, 300, was still 
too large to compare favorably with the biological assay of 120 units. 

There was a further possibility that the pigment in the oil might have an 
absorption band near 3300A. This was investigated by finding the extinc¬ 
tion coefficient of the oil after decolorizing with diatomaceous earth. It was 
found that the decrease in k at 3280 A, after decolorizing the oil, was small. 
Since the action of diatomaceous earth is oxidizing as well as absorptive, it 
migljt be expected to remove some of the Vitamin A. The small decrease in 
absorption observed would indicate that the absorption at 3280A of the 
pigment in the oil is negligible. 

It was concluded that some other unsaponifiable material was the cause 
of the remaining discrepancy, and that if the Vitamin A could be eliminated 
from the oil, its unsaponifiable fraction would show an absorption at 3280A 
which would be due to this unknown material. This absorption Japght then 
be subtracted from the value obtained in the preceding determination, and 
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the difference should give a value for the true Vitamin A content. To elimin¬ 
ate the Vitamin A the oil was oxidized for five hours by bubbling air through 
it at 90° C. The unsaponifiable fraction was then studied spectroscopically. 
Curve D (Fig. 4) was thus obtained. The difference in the extinction co¬ 
efficient at 3280A between Curves C and D is equivalent to 160 units of 
Vitamin A, which corresponds more favorably with the biological value of 120 
units. It may be observed that the absorption decreased not only at 3280A 
but also lower down in the ultra-violet. This can be explained if it is assumed 
that some of the material which had an absorption band in the lower region 
was destroyed along with the Vitamin A. As its absorption band might extend 
to 3280A the difference in the extinction coefficient at this wave-length 
between Curves C and D may not be due entirely to Vitamin A. The value 
of 160 units, therefore, obtained from this procedure is subject to a correction 
which can be ascertained only by treating the oil in such a way that the Vita¬ 
min A alone would be destroyed. Any method by which the Vitamin A 
could be removed from the oil without otherwise modifying it would provide 
a more accurate means of checking the results obtained by any spectro¬ 
scopic method of analysis. 
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Abstract 

Vibration of power lines is prevented by attaching in each span, at a distance 
b from the end, one or two dampers which consist in principle of a heavy mass M 
fastened to the end of a spring (Holst damper), or to both ends of a thin cantilever 
suspended at its centre, or to a cable (Stockbridge damper). The mathematical 
study of the forces in a span provided with a damper and subjected to a tension 
T furnishes the constants necessary for the proper designing of dampers. For 
an incoming angular frequency p, the ratio, undamped to damped amplitude, is in 
practice equal to 1 — fPbMD/T , where D is the ratio of the force exerted by a 
spring upon a solid support to the force applied to its mass. Dampers sus¬ 
pended at the end of the first quarter of the loop length and tuned to the 
frequency at which the conductor vibrates, suppress, from a practical stand¬ 
point, the motion of the entire span when their damping factor amounts to a few 
units and their weight is equal to the weight of a loop length of conductor. By 
choosing different frequencies for the dampers used on a given span, and by taking 
advantage of the coupling existing between them, a fairly wide band of frequen¬ 
cies may be suppressed. 


Vibration and Fatigue Failures 

In careful design the conductor in the spans of a power line is so strung 
that during the times of severest loads, which are to be expected at minimum 
temperature and with the worst ice coatings and the highest winds, the tension 
in the cable will not exceed a value of about 75 to 100% of the elastic limit of 
the metal in question. But the proportional limit and the breaking point refer 
to more or less immediate effects produced by the load. Indeed, when different 
loads are left suspended on rods or wires of the same size, a smaller load may 
cause a wire to break, providing that it be allowed to act for a longer time. 

Like conditions prevail with respect to alternating forces. The endurance 
limit is defined as that stress per unit area that may be applied to a given 
material for an indefinitely large number of cycles without producing rupture, 
supposing, of course, that such a limit exists. The endurance limit is 
found by counting the number of cycles of pulling, bending or twisting that 
a sample stands without becoming damaged under different reversing forces, 
and by plotting the critical stress S, or its logarithm, as a function of the 
logarithm of N, the number of cycles. Plotting against the number of cycles 
is unreliable (6). For all wrought ferrous metals and for a certain number of 
light metals, such as rolled aluminium and extruded magnesium, the S versus 
log N graph for flexure shows a sharp bend as the load is reduced, and changes 
to the horizontal direction at less than 10 million cycles. For rolled aluminium 
the critical stress is given as 11,000 lb. per sq. in. in reversed fleacure; the 
average tensile strength is about 30,000 lb. per sq. in. There is a second class 
of materials for which the curve representing the limiting stress as a function 
1 Manuscript received October 11 , 1935 . 
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of log N beeps falling even beyond the sharp bend of the curve. This behavior 
is shown by cold drawn copper, and to a slighter degree by annealed copper, 
but an endurance limit of about 10,000 lb. per sq. in. may somewhat arbitrarily 
be chosen (6). The tensile strength of hard drawn copper is 58,000 to 68,000 
lb. per sq. in. For hot rolled unannealed Monel metal and duralumin the 
endurance limit is inversely proportional to the logarithm of the number of 
cycles throughout the entire range tested, up to at least 1000 million cycles. 
When a “wind” of 50 cm. per sec. blows against a power line of 1 cm. diameter, 
the eddy frequency / = 0.2 U/d is 10 cycles per sec. As a frequency of only 
one cycle per second corresponds to 86,400 cycles per day, an average of 100 
days of continued feeble wind in the first year brings the number of vibrations 
which a newly strung conductor makes, well into the range of cycles for 
which the endurance limit, and not merely the tensile strength, has to be 
taken into account in designing the line. Failures appear in the form of 
fractures more or less perpendicular to the axis of the wire, with no sign of 
yielding as in ordinary overstressed pieces. Their number increases rapidly 
with time; if s failures are observed in the first year, as many as 2*s failures 
occur after two years (1). The highest stresses are likely to be found near 
the clamps by which the wires are fastened, unless the core of the cable is 
made to act as a support for the conducting shell. Slight scratches, or hidden 
cracks and faults, aggravate the effects of fatigue. 

In view of the uncertainty of the endurance limit, particularly in materials 
not always handled with the utmost care,and exposed to corrosion and 
scratching, the safest method of prolonging the life of conductors seems to be 
to suppress vibrations as completely as possible, either by removing the causes 
or by rendering displacement more difficult. 

Direct Methods of Suppressing Vibrations 

The formation of eddies is prevented in struts used on aeroplanes by giving 
them drop-shaped or streamlined contours, but if this change were made in 
the case of transmission lines the greater curvature then obtained in certain 
portions of the cross-section would increase corona losses. A slight flattening 
should, however, overcome some of the difficulties and increase the damping. 
The only other remedy to prevent the formation of eddies is to shield the line 
from the wind: in hilly or wooded country vibrations give little trouble. In 
some exposed regions it will also be possible to have the power lines run along, 
and not across, the direction of the most frequent winds. 

When it is not possible to prevent the formation of eddies, forces may be 
applied which directly oppose the impulses given by the eddies to the wire. 
The only force that lends itself readily to this end along the entire span is 
the horizontal component of the magnetic field of the earth, about 1/5 gauss. 
But even with currents of 100 to 200 amp. flowing in wires 2 to 3 cm. thick, 
the forces exerted by the magnetic field are but a few dynes per centimetre, 
or several times less than the forces that a low wind would produce, so that, 
quite apart from the difference in the frequency, this method does not offer 
an effective remedy. 
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It is not, however, necessary, in order to keep mechanical vibrations within 
bounds, to apply opposing forces along the eiitire length of the span. A 
periodic force Q cos pt acting at the single point <r = 6 (or at the symmetrical 
point <r * s — b near the other end of a string of length s) produces the same 
effect as a force tnP cos ptd<r acting in opposite phase upon each element of 
mass mdcr of the string, provided that the initial conditions, such as, for 
instance, the shape of the conductor, etc., be the same, and that, in addition 
(7, p. 187), 

n - msP 

** b sin ( Kirb/s) 

where k is the number of loops. This equation, which is useful when an 
effort is made to reproduce by machine or by hand the vibrations caused by 
the wind, shows that the force required is small when it is applied in the centre 
of the loop where b = l /2 k. At a node, where b — s/k or a multiple of s/k , 
even the most intense force is without effect. In any case the amplitudes 
become large only when the frequency of the applied force coincides with one of 
the resonance frequencies K{T/m)*/s of the span, which is under a tension T. 

The Tuned Spring Damper 

While a system of relays controlled by the vibrating cable, the current 
and the wind could be used in serious cases to generate and apply the required 
opposing forces, it is simpler to let the point of application itself create the 
opposing force by attaching to it a spring carrying a weight, which is forced 
to move through a viscous fluid held in a vessel fastened to the string. The 
displacement of the suspension point 
stretches and compresses the spring in 
turn and creates an alternating force 
K that opposes the displacement in 
the rhythm of the vibration. Devices of 
this kind are variously called dynamic 
dampers, or absorbers, or resonance 
dampers with viscous damping. They 
act by a combination of the inertia of 
their mass, the elastic force and the 
resistance due to friction, and even when 
no wind is blowing and the conductor 
hangs quietly, the shape of the equi¬ 
librium curve is altered. In order to 
study the action of the spring damper 
it is therefore necessary to find for the 
vibration of the string, a solution that 
can be adapted to the changed initial 
shape created by the presence of the 
spring damper (Fig. 1). 
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On the assumption that the displacement « of the string varies as e tpi , or 
a sum of such terms, and in the absence of an external force (P * 0), the 
equation 

dhi , du . d*u _ . . 

~dP + 2k dt-*d? ‘ 


which applies to the string on either side of the damper, can be written 
(7, p. 192) 

g* + i (*» - 2ik P ) - 0 , 


which has for its general solution, with 

X* - (/* - 2tkp)/d* , 

« « (Ci sin Xcr + C* cos Xcr)e‘*‘, 

or a sum of such terms. The damping factor k depends in practice on the 
frequency. On the other hand, a particular solution of the complete equation 
is found in the form 

u « C* sin pi sin kwct/s . 

As a general solution the combination 

u ■* (Ci sin Xcr + Cz cos Xcr -f C* sin ^**cr/j)€ l( * >,+<) 

may as usual be tried. The left-hand portion of the span between the pole 
and the point at which the spring is attached will have to satisfy the condition 
that the displacement u = 0 at cr = 0 (at the insulator) and u = Ub at <r = b. 
This is the case if 

, ^ . ... sin Xcr , ^ . cr 

UL =• (Ub — Ci Sin Kirb / s ) r-r -f Cg Sin K7T- » 

sin A b s 

omitting the time function e tp< , since only the local amplitudes are of im¬ 
portance. 

Similarly, for the right-hand portion of the span, u ~ Ub for cr = 6, and u = 0 
for <r = s. This gives 

. b\ sin X($ — cr) , . cr 

Ub — Ci Sin KTT - 1 —;—-rr -f Cj Sin KV ~ * 

$/ fain X(j — b) s 

At the point b, where the two sections meet, there is a slight kink in the 
cable owing to the weight of the mass attached to the spring, and the two 
equations give a different tangent. The tension thus created in the string 
is equal to 



* 

1 

Qsj$> 

1 

•Q 

1 

b 




k « rx («» - 

Ct sin ki r -j 

v /cos X($ — b) 

' V$in X(s — b) 

. cos X&' 
sin A6, 

or 

T\(u k - 

Ci sin kt ^ 

1 sin X$ 


that is, 

' sin X& sin X($ 



- #^ 8inX ^- 6) + ^ sin icir ^ , or a sum of such terms. 
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In the steady state this force must be equal to that created ip the spring. 
Taking the most general case, where a mass M attached to the spring is 
supposed to move in a viscous fluid contained in a cylinder carried by the wire, 
the force of friction being proportional to the relative velocity between string 
and spring weight, if (Fig. 1) 

g * the spring constant, or the restoring force for 1 cm. relative displace¬ 
ment of the spring weight, 

M — the mass suspended from the conductor, including if necessary one- 
third of the mass of the spring (10, p. 55), 
t = t he peri od of the vertical oscillation of M regardless of friction, 

N — "V ~gJM — the angular velocity at resonance, equal to 2tr/r, without 
damping, 

d =■ R /2M — the coefficient of damping of the spring system, 
c = Vr/m = the wave velocity for transverse waves along the string, 

and, if, in addition, «2 is the displacement of the mass M of the damper from 
its position at rest, then (2, p. 61), 

K = (*» — u b )(q + iRp ), 


while, with respect to the acceleration of M, 


so that 
and 


(« 2 — v b )(q + iRp) = uiMp* , 


Mi = 


9 + iRp 
q -f- iRp — Mf? 


K ** tibMpP 


N* + i2pd 
N 1 + i2pd - p ' 


From the two expressions for K , an equation for Ub may be derived: 

~ • b 
C 8 sin Kir j 

, *... sin \b sin \s( 1 — 

t - j££? iv 1 + _ \ s/ . 

1 T N* + 2 ipd - £* X sin \s 

By introducing this value in the equation for the left- or right-hand portion 
of the span, the motion of the string as influenced by the damper can be 
followed from point to point. It is usual, however, to suspend a damper 
near both ends of the span. The equation for the left-hand portion then 
remains the same: 

Ub — C| sin KT j ^ 

* u » -sin X<r + Ci sin Kir - » 

sin \b J 


whereas for the middle portion the condition that u{&) *= #(— a) and u » u b 
for <r * b arises. In this case k must be an even number and 


Ub — Cl sin KIT - 


Um 


sin X($ — 2b) 


- £ s i n Xcr -f cos X<r (sin X($ — b) — sin \b)) Ci sin Kir £ . 

- 2b) \cos / s 
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The difference between the tangents to the left and right of <r » b becomes 


A - x(i* — Ci sin 


cog Xf/2 


gin X b cog \(i — s/2) 


and finally 


Ci gin Kir ■ 


M £ 


T \ N* + 2 ipd - £ 


•Ki-D 

cos X$/2 


for two dampers symmetrically placed near the ends of the span. The ratio 
between «», the undamped amplitude (for M — 0), and Uu , the artificially 
damped amplitude, is, since me 2 = T, 

u h m . M £ N* + 2 ipd sin Xb 008 ^(| ~ j) , 
um m c* N* + 2tpd — X cos X$/2 


and should be made as large as possible. The result differs from known 
formulas (5) in that it takes friction into consideration. 

Since b/s is much less than the ratio becomes 

Ub - Jlf „ sin \b N* + 2 ipd 
u bd T F X JV* + 2tpd - ? ' 

regardless of whether one or two dampers symmetrically placed be used. 
The second damper serves to suppress the even numbered overtones. 

Below critical damping, k = p } of the string, the fraction k/p is less than 
unity so that 

x - \l¥~ t2 4 * \ - *1 ’ 


(P k\ 

\c cj 


sin - cosh - — i cos ^ sinh - 


the absolute value of sin \b is, therefore, 




I sinh*fe - 4* sin*/> - — 
f c r c 


cosh 2fe • 


The absolute value of Ub/u bd — 1 becomes 


_ up 


I cosh 2 ^ ~ b — cos 2 - 


cos 2/> - 
6 


4£ 

iV* TV 2 


(«+S) V0-jBT+* «* 


so that the influence of the string constants and that of the spring constants 
appear as separate factors, and may together with M/m be so adjusted that 
the ratio (u b —* u bd )/u b d exceeds, say 10; in this case u b is reduced to about 
9% of its fonder value. 
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Discussion of Results 

It is necessary first to discuss briefly the four factors entering into the 
equation for («i — . 

The factor p/c increases steadily as the frequency p/2ir of the external force 
increases. Since, for progressive waves, the relation p/c =2ir/X holds, the ratio 
tnc/p may be considered as l/2ir times the mass of a length of string equal 
to the wave-length corresponding to the frequency impressed upon thd string. 

The other factor referring to the constants of the conductor span, namely 
the difference between the hyperbolic cosine of 2 kb/c and the ordinary 
cosine of 2 pb/c, is always a positive number. It is small for low frequencies, 
that is, small values of p/c. The largest values are obtained when b is so 
chosen that the ordinary cosine vanishes, that is, when b = X/8. The distance 
b should therefore be shorter than half the length of the loop corresponding 
to the highest frequency p — 2irc/\ to be expected for the most frequent 
wind speed. 

The ratio k/p may be considered as approximately constant for a given 
conductor, and inversely proportional to the radius, while in reality, though 
only for very slow motions, it is proportional to the square root of the fre¬ 
quency. At the same time the value of k must be smaller than that for 
critical damping, k r = Iktic/s. 

The last factor in the reduction formula depends upon the frequency to 
which the spring damper is tuned, and, as is known from vibration engineering 
practice, represents the fraction of an alternating force, in the present case 
utMp'e*', that is transmitted over a spring damper to a solid support, or 
from a vibrating support to the mass attached to a spring, that is, it measures 
the ratio, transmitted force to impressed force, or the transmissibility, Z>*. 
When for a given coefficient of damping the impressed frequency is very low, 
compared to the natural frequency of the spring damper (p < N), the mass 
M completely follows the motion of the string as if it were rigidly tied to the 
string, and the factor becomes equal to unity. At resonance (N = p) the 
factor is equal to (1 + p t /4d i )^ i and, except when d > N, is therefore greater 
than unity. For very large values of p, on the other hand, the rffass M of 
the damper is unable to follow the motion of the string; it remains at rest 
and the transmissibility is reduced to zero. While resonance is undesirable 
when the problem is to prevent vibrations from spreading, it is essential for 
reducing the vibrations of a string by means of a spring damper, and a natural 
frequency of the damper smaller than l/VT times the string frequency should 
no't be chosen. When the damper is tuned to the external frequency, the 
transmissibility reaches very high values so long as the damping coefficient d 
is small. When the damping increases to very large values, the*damper is 
virtually prevented from moving relatively to the string, so that again it acts 
merely as a mass clamped to the string. While lessening the damping in¬ 
creases the effect upon the string, a certain amount of damping i| nevertheless 
necessary, because the value of 


«i - , 
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has to be kept within safe limits. Another reason for introducing damping 
is that in the case of the power line the damper should reduce the amplitude 
over a certain range of frequencies. 


For each choice of d there is a frequency at which D% reaches its highest 
value. When d is a certain fraction, ij, of N and v = p/N, the factor Dt is 
given by 

_ 1 + 4 #* . 

(1 - **)* + 4 if* 

This expression reaches a maximum for a given value of ij when 

2 ^* + p» - 1 - 0 . 


Provided that the damping is so small that the first term may be neglected, 
the maximum is obtained at resonance O = p/N = 1). When the damping 
is appreciable, the peak lies at 







The peak is high but narrow when friction in the damper is small; it is low 
and broad when there is much damping, so that the choice of the value of 
2d depends on the range of frequencies to be suppressed. The better damping 
obtained for small values of Id is moreover accompanied by large excursions, 
it *, of the mass M of the damper which are likely to overtax the endurance of 
the spring. 


For small values of kb/c and pb/c , the following formula holds: 


cosh 2 kb/c — cos 2 pb/c 

so that 




Ub J 


M 

m 


& 
c 1 


i + ** £ 

^ N* iV* 




4£ 

N* 


£ 


- 


V 


1 + 4ijV 
(1 - y»)» + 4^’ 


and it seems safe to use this formula, which does not depend on the damping 
of the string, in most practical cases. 


The following example illustrates the relative influence of the various 
factors. A damper is to be designed for a stranded aluminium conductor 
of No. 00 B. & S. gauge (0.414 in. diameter, or about 1.2 cm.) suspended 
between two fixed points at the same elevation, 160 metres (480 ft.) apart 
and so strung that the maximum stress does not exceed 14,000 lb. per sq. in. 
with a combined load of 0 5 in. ice coating and a 47-mile-an-hour wind (5 lb. 
pressure per sq. ft.) at —20° F. The sag without this load at the centre of the 
span is then 16.5 ft. at —14° F., 18 ft. at 34° F. and 19.7 ft. at 90° F., the total 
tension varying between about 220 and 183 lb. (9, p. 123). The weight per 
foot of conductor is 0 125 lb.; therefore c is about 210 ft. per sec. (or 6280 cm. 
per sec.) at the highest temperature. If the average wind velocity is from 
three to four miles per hour, frequencies of about 30 cycles per second will be 
strongly excited; -their wave-length is about seven feet (X/8 = 26 cm.). 
The fundamental frequency of the span is about one-half cycle per second. 
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The influence of the factors p/c, sin X/X and of the damper P% (for which 
2d has been assumed to be equal to 10, while Nt — 25, making the damping 
critical for d — 25) may be seen from Table I. By computing the value of 

TABLE I 

Effect of tuned damper on vibrating string 
(c •» 2000x cm. per see.) 

Resonance frequency, 25 cycles per sec., d/d„ “ 0.032 


/ 

n 

P/c 

Dt 

b «= 

10 cm. 

b ■* 

20 cm. 



c sin X 

(u b \m 

c sin X 

( H ± _,V= 

V*M Ju 


HI 



2dt 10 

P x 

\*« )m 

P x 

0.5 

T 

0.0005 

1.00 

1.00 

0.005 

0.000 

0.01 

0.000 

I 

2t 

0.001 

1.00 

1.00 

0.010 

0 000 

0.02 

0.000 

5 

10 T 

0.005 

1.01 

1.00 

0 05 

0.000 

0.10 

0.0005 

10 

20ir 

0.010 

1.16 

1 19 

0.10 

0.001 

0.20 

0.002 

15 

30 t 

0.015 

1.25 

1.65 

0 15 

0.004 

0.30 

0.007 

20 

40x 

0.020 

1.45 

2.57 

0.20 

0.010 

0.39 

0.020 

21 

42 t 

0.021 

1.49 

2.85 

0.21 


0.41 

0.025 

22 

44 t 

0 022 

1.47 

3.05 

0.22 

H9 

0.43 

0.029 

23 

46ir 

0.023 

1.47 

4.23 

0.23 

0.022 

0.44 

0.043 

24 

48 it 

0 024 

1.43 

4.86 

0.24 

0.028 

0.46 

0.054 

25 

5(hr 

0.025 

1.41 

5.00 

0.25 

0.031 

0.48 

0.060 

26 

52ir 

0 026 

1.38 

4 52 

0.26 

0.030 

0.50 

0.059 

27 

54 t 

0.027 

1 35 

3 80 

0 27 

0.028 

0.51 

0.052 

28 

56 t 

0 028 

1 32 

3 16 

0.28 

0.025 

0.53 

0.048 

29 

58ir 

0 029 

1 26 

2 39 

0.29 

0 020 

0.55 

0.038 

30 

60*- 

0 030 

1 18 

1 87 

0 30 

0 017 

0.57 


35 

70*- 

0.035 

1 02 

2 90 

0.34 

0.011 

0.64 

0.021 

40 

80x 

0 040 

0 7 

0 56 

0.39 

0.009 

0.72 ' 

0.016 


Damping is satisfactory over a band of about five cycles on each side of the resonance frequency Nt. 


sin X/X for two distinct values of natural damping of the cable, namely 
0 and 0.25 for the resonance frequency, varying as the square root of the 
frequency, it is shown that within these limits natural damping ^produces 
relatively little effect, and the final results refers to the absence of friction. 
The contribution of the damper for M/m — 1 is several times larger, but the 
value of c in p/c is responsible for a low total reduction. In order to bring 
the amplitude down to about 10% of the original displacement at <r «■ b, it is 
therefore necessary to give M/m a value of several hundred units, that is, 
to make the mass of the damper equal to the mass of a length of cable about 
equal to the wave-length of the frequency to be damped (X * 2irc/p). 
Dampers of this kind have been found in many tests to completely suppress 
the vibrations of the cable (5). 

As a second example, a 500,000 circular-mil stranded copper cable (diameter 
0.813 in., weight 1.54 lb. per ft.) may be discussed. The elastic limit is 
28,350 lb. per sq. in.; the maximum allowable tension, 75% of th^ plastic limit, 
is about 8350 lb. when the ice is 0.5 in. thick (0.8 lb. per ft.); and the wind 






















108 


CANADIAN JOURNAL OF RESRARCB. VOL. IS, SMC . A* 


pressure 10 lb. per sq. ft. (wind load 1.5 lb. per ft.). As the tower spacing is 
varied from 300 to 1200 ft.(90 to 360 metres), the permissible tension without 
wind and ice varies between 3620 lb. at 100° F. and 6800 lb. at —10° F. for 
the 300 ft. span, and between 4500 lb. (at 100° F.) and 4750 lb. (at —10 °F.) 
for the 1200 ft. span (9, p. 205). The velocity of propagation, c, for the 
1200 ft. span is therefore between 310 and 320 ft. per sec. or at the most 
3000 it cm. per sec., while for the 300-ft. span it varies between 1275 ft. per sec. 
(8250 cm. per sec.) at the highest temperature and nearly 363 ft. per sec. 
(10,890 or 3500 it cm. per sec.) at the lowest temperature (3, p. 205). 

The main change with respect to the first example is the change of the wave 
velocity from 2000 t to 3000 t cm. per sec., resulting in shorter loops for standing 
waves of the same frequency, while, on account of the doubled diameter, winds 
of the same speed now produce correspondingly lower frequencies. The 
value of pjc is reduced by about one-third, the value of the factor sin X/X 
+ pb/c is reduced in that k is smaller for larger diameters, while fc, on account 
of the larger value of c , will have to be increased so that it may offset the change 
in p/c . The damper has to be tuned to 12.5 cycles per second in place of 
the former value of 25 cycles. If the same damper w^re used it would produce 
only about one-third or one-fourth as much effect as it would on the line for 
which it had been designed. 

Application of the Theory of Damping 

While given for a definite form of damper used to some extent on power 
lines (4, 5), namely, a spring with a heavy mass attached to one end and 
viscous damping proportional to the velocity of the mass with respect to the 
support, the theory is readily adapted to various simpler types of actual 
or possible dampers. It is merely necessary to insert the proper value for 
the force K exerted at the suspension point. In the tuned damper itself the 
spring may be replaced by a piece of rubber with high internal friction. 

When frictional forces proportional to the velocity of the mass of the damper 
are used, as in air damping or electric damping, 

K “ u*Mp* » ithRp -f~ (tti — Ub) (2 -f* iRp) 
or 

1 * + & - ? 

so that the only change with respect to the damper discussed before, in which 
friction is proportional to the relative velocity between damper and string, 
is the suppression of the term i2pd in the numerator of Dt. With the amount 
of damping used in practice the difference is slight. 

Vibrating rods or blades attached to the conductor with or without masses 
fastened to them are thus but a special form of the spring damper. In the 
simplest case a steel blade l cm. long, w cm. wide and h cm. thick may be 
clamped with one end at some point along the span, and a mass Af fastened 
to the other end of the blade (Fig. 2-1). When the vibrations are so small 
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Fig. 2. Varnws devices based on the principle of the tuned spring damper . JTn /, thin canti¬ 
levers serve for tuning in place of springs. II is the widely used Stockbridge damper, the over-all 
length being about 50 cm. and Mi and M% each weighing 3 to 4 kg. 


that the mass moves sensibly up and down only, a force P at the free end of 
the cantilever gives a deflection w 2 = PP/3EI , where E is Young’s modulus 
of elasticity and I the moment of inertia of the cantilever, namely, bh*/\2 
for vibrations taking place in the stiffer cross-section and bh ?/48 for vibrations 
taking place in the more flexible cross-section. The spring constant is there¬ 
fore 

q = p/ Ui « 3E///’ . 

When the loaded blade is replaced by a cylindrical bar or cable (4, 8), as is 
the case in the Stockbridge damper, I = ird*/64. Apart from the different 
meaning of the elastic constant, the theory of this damper (Fig. 2-II) is the 
same as that of the tuned spring damper. At the limit the damper becomes 
simply a rod or strip of metal of length of about one loop attached to the 
cable and vibrating in its natural frequencies (4, 8). 

In some cases it may be possible to fasten one end of the cantilever to a pin 
on the mast, and to let the mass act with the lever arm l on the spring sus¬ 
pension (Fig. 2-III). The effective spring constant is changed to aq/l . 


Broadening of Resonance Through Coupling 

By choosing dampers tuned to the different frequencies, damping is obtained 
over a wider range of frequencies. A broadening of the response of the 
damper is also due to the fact that the vibrating mass of the conductor effects 
a coupling between the dampers, whether these are used side by side or are 
symmetrically placed near the two ends (Fig. 2-1). If m% designates a vib¬ 
rating mass representing the string, nti and m% and qi and g 2 the mass and 
spring constants of the dampers, and u u and the displacements, the 
equations 

miiix + ki(ui — ut) « 0 
rnrilt 4- k x (uz — wa) - 0 

+ ki(ui — Ui) + bi{ut — Ut) « 0 , 

hold for longitudinal or small transverse motions, and the angular resonance 
frequencies are given by 

N * _ w( kl &L+J&) + kt ( "*' + + **» + ‘ 

y m x m$ \ m%m% ) J m x m%mi 
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When m» is larger than either mi or tth, the two solutions are 

- i (Ja + b\ ± J i (hi _ i?Y + h b, 

\«i m%) \ \mi mi) mf mi m% 

or, writing iVi for ki/ttii and Nt for ki/ntt 

N* - h(Ni + Ni) ± yj i (tf, - N t )* + MM. 

Coupling of the dampers through the conductor, therefore, lowers the frequency 
of the damper with the lower frequency, and increases the frequency of the 
damper tuned to the higher frequency. If the two frequencies are not too 
far apart, the entire band between them is reduced in amplitude. 
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THE INFLUENCE OF A MAGNETIC FIELD ON THE DIELECTRIC 
CONSTANTS OF GASEOUS AND LIQUID NITROGEN 
AND OXYGEN 1 

By Allan C. Young* 

Abstract 

The results of an experimental determination of the effect of a magnetic field 
on the dielectric constants of gaseous and liquid oxygen and nitrogen are given. 

With the pases a balanced resonance method was used, and with the liquids, a 
special bndge. The only positive result obtained was with gaseous oxygen at a 
pressure of 100 atm., and this can be accounted for quantitatively by the 
increased pressure of the oxygen in the magnetic field. 

Introduction 

The effect of a magnetic field on the dielectric constant, or more exactly 
the electric susceptibility of gases, is a problem of considerable interest, in 
the classical theory and new quantum mechanics, on account of its relation 
to the anisotropy of the molecules, and, in the old quantum theory, as a test 
of the validity of the spatial quantization of the angular momentum of the 
molecule in an applied field. The magnitude of the effect on the classical 
theory has been calculated by Weigle (9) and Van Vleck (4, 5, 6), and that 
on the old quantum theory by Pauling. The calculation of the effect on the 
new quantum mechanics has been attempted by Niessen (2), but his results 
hold only for a very specialized type of molecule which apparently has little 
physical significance. His results for this type of molecule agree in order of 
magnitude with calculations according to classical theory. More exact 
calculations have not been made, owing to mathematical difficulties and lack 
of experimental data. A complete outline of the problem and its theoretical 
significance is given by Van Vleck. 

Several investigators, notably Weatherby and Wolf (8), Mott-Smith and 
Daily (1), PUtzer (3), and Voss (7), have studied experimentally the effect 
of a magnetic field on the dielectric constant of gases. They found that 
within their limit of error, which in the case of PUtzer and Voss was about 
one part in ten million, and more for the others, a magnetic field had no effect 
on the dielectric constant. 

Weatherby and Wolf used a heterodyne method to measure the capacity 
change. They counted the number of beats produced per second between 
two oscillators, one with a fixed frequency and the other having a test con- 

1 Original manuscript received March 14,1935. 
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denser filled with the gas under test in its load circuit. They estimate that 
they can measure a frequency change of one cycle per second, which with 
their apparatus corresponds to a capacity change of one part in five hundred 
thousand. Mott-Smith and Daily used a similar method but measured their 
capacity change by observation of the change in the Lissajous figures pro¬ 
duced by the superposition of the frequencies of the two oscillators. They 
estimate that they can detect a capacity change of one part in a hundred 
thousand. Ptitzer, using a method fundamentally the same as the latter, 
claims a sensitivity 100 times as great as that reported by Mott-Smith and 
Daily. In the apparatus used by Voss a test condenser formed part of a 
resonant circuit excited by a vacuum tube oscillator. The capacity and 
inductance values in the resonant circuit were adjusted to give the maximum 
current change in the resonant circuit for a given small capacity change. 
This current was passed through a thermocouple and the resulting direct 
current balanced against the current from another thermocouple also coupled 
to the oscillator. Since the calibrations of the two thermocouples were nearly 
the same, small changes in the oscillator intensity should not have affected 
the balance. The change of the balance current gave a measure of the change 
of capacity in the test circuit. For small capacity changes, the current change 
was airectly proportional to the capacity change; with a very sensitive galvano¬ 
meter in his balance circuit, Voss claims to have been able to detect capacity 
changes of one part in a hundred million. He did not, however, give this 
figure as his final limit of error, nor did he calibrate his apparatus in units 
of this order. 

All these methods have one serious disadvantage, inasmuch as they depend 
on the condition that there be no circuit variations other than capacity change. 
The frequency stability of any ordinary oscillator is not much better than 
one part in a hundred thousand for a carefully designed oscillator. The 
frequency variations are probably due mainly to battery changes and surface 
charges on the glass of the vacuum tubes. In Voss’s method this cculd be 
overcome by using a quartz crystal oscillator which has a possible deviation 
of one part in a million, or even in ten million for a circuit with thermostatic 
control. Temperature changes in the condenser itself constitute another 
source of error, changes of one-tenth of a degree cause a change of capacity 
of about one part in a million. A third source of error is the change of pressure 
of the gas in a magnetic field, an effect that depends on the magnetic sus¬ 
ceptibility of the gas. 

Experimental 

In the present investigation both the heterodyne method and a modification 
of Voss’s method were tried with gases. The detectable capacity change 
with the heterodyne method was found to be about one part in a hundred 
thousand; with the resonance method, about one-tenth of this. Hence, the 
modification of Voss’s method shown in Fig. 1 was adopted for use with gases 
at high pressure. The vacuum tubes in the balance circuit were 8 ft. from the 
magnet, and tfere not appreciably affected by the magnetic field. Details of 
the layout and the test condenser are given in Figs. 2 and 3. 
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The plate current of the vacuum tube* 
could be balanced to 10~* amp. with no high 
frequency voltage on the grid, but only to 
10~* amp. when the circuit was used with 
the high-frequency voltage applied to the 
grids. With this circuit a change of one scale 
division on the vernier condenser, correspond¬ 
ing to a capacity change of 3.5 X10 -4 /(/if., 
caused a current of 1.8X10 -7 amp. to flow 
through the galvanometer. This places a 
limit of 2.0X10"* /(/if. on the detectable 
capacity change. With the test condenser 
used, which had a capacity of 25 /t/if., the 
minimum observable change in dielectric con¬ 
stant would be one part in 1.2X10*. This 
method was not satisfactory for use with 
liquid oxygen or nitrogen, chiefly because of 
variations in capacity caused by temperature 
changes in the leads to the condenser. 

For this reason the circuit used with liquids 
was a specially designed bridge in which 
variations due to temperature changes were 
nearly eliminated (Fig. 4). The practicable 
sensitivity of this bridge was less than that of 
the previous apparatus at room temperatures, 
but with liquids at low temperature the 
sensitivity was greater. With liquid oxygen 
and nitrogen in the condensers, a change of 
capacity of one part in a hundred thousand 
could be measured. 

The bridge circuit can be considered as consisting of three distinct units, 
the feeding circuits, the bridge proper and the null indicator for determining 
the balance of the bridge. The feeding circuit consisted of a crystal oscillator 
(frequency 2.1 megacycles per second) and an amplifier connected to the 
input transformer of the bridge. The primary and secondary of the input 
transformer were shielded electrostatically from each other. The layout of 
the apparatus is shown in Fig. 5. 

The bridge proper is made as symmetrical as possible in all respects. Two 
arms of the bridge consist of 50-/t/if. maximum variable air condensers en¬ 
closed in a heavy copper shield connected to one side of each condenser. 
This shield prevents any variation of the capacity of the two condensers 
to ground when they are being adjusted. Hie other two arms of the bridge 
are condensera containing the liquid to be measured and a 200,000 ohm 
variable resistance. As may be seen from the diagram (Fig. 4) the input 
coil may also be considered as part of these arms, and any dissymmetry in 






tOOV. 200V — 90V 


Fig. 4. Diagram of apparatus used for the investigation of the effect of a magnetic field on the 
dielectric constants of liquid oxygen and nitrogen . R x « 2 megohms , R% « 200,000 ohm mire- 
wound potentiometer , R* « 100,000 ohms f Ci « 5(9 pm/, max. 7.C., C* » 2.5 pf*f. max . 7. <7. 
calibration of 3.5 X 10 Mttf- P*r scale division, C* « 20 upf., Cr * test condenser. All by-pass 
condensers are 0.1 /*/. 

it will affect the resistance balance of the two arms. The variable resistance 
is adjusted to balance these resistances and any others that may be present 
owing to the resistance of the leads and dielectric losses. The design of the 
test condensers is shown in Fig. 6. The plates are made as neatly as possible 
identical. The double-walled container is designed io prevent any bending 
of the inner container by pressure ejects developed by the magnetic field. A 
small variable condenser is connected in parallel with one of thepe condensers, 
and is used for the final balancing of the bridge and for measurmg any change 
of dielectric constant. 
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Elevation Plan 

Fig. 5. Layout of apparatus in Fig . 4. B\ «■ 1.5 volt dry cell , B* = 4.5 volt dry battery, 
B% «■ 45 volt dry battery , C\ « 50 fi/xf, max. V.C„ C% ** 2 5 nnf. max V.C., Ri * 200,000 ohm 
wire-wound potentiometer , Ti » xwpw/ transformer to the bridge , 7* « output transformer to the 
converter tube , Fi ** Type 30 tube , F* « Type 32 Q » quartz crystal . 



Fig. £ Detail diagram of vacuum flask condenser for liquids . 
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The output circuit is connected to the shield of the two variable condensers 
and to ground, which is the common point of the two fixed condensers. The 
current from the bridge is passed through a one stage, shielded, high-frequency 
amplifier to a converter tube. In this tube the current from the bridge is 
mixed with a current of slightly different frequency generated in the con¬ 
verter tube. These two currents combine to give in the output of the tube a 
current whose frequency is the difference of frequencies generated by the 
crystal oscillator and converter tube. This current, which has a frequency 
of a few thousand cycles per second, is further amplified and then fed to a 
pair of earphones. This method was adopted as it is more sensitive for small 
currents ( i.e ., when the bridge is near balance) than the more customary 
method of modulating the oscillator output and using an audio frequency 
amplifier as a balance detector. 

The test condenser and its replica are mounted in a specially made German 
silver Dewar flask. This flask has an external width of only 13 mm. in the 
vicinity of the test condenser. This permits the placing of the pole pieces 
of the magnet less than 15 mm. apart. The magnet is a standard Boas electro¬ 
magnet which, with a current of 22 amp., has a field strength of 19,000 gauss 
over an area of 7 sq. cm. when the gap is 15 mm. The field strength was 
measured with a bismuth spiral. Both types of apparatus were tested by 
observing the effect of the magnetic field when the test condensers were 
evacuated to a pressure of 0.01 mm. of mercury. No effect was observed 
within the stated limits of error. 

All previous workers have used gases at atmospheric pressure or less. 
However, classical theory predicts that the electrical susceptibility, x> of a 
gas in a magnetic field, H, will be (6, p. 117) 

x - N(a + bm 

- X.d + b/aIP) , 

where N is the number of molecules per cc. 

. _ A +1*1 + A . a» + an + «» 
a 3 kT + * 

b 5 + - a ")+ 6f * ** dw + **»)] 

where Hu Hi, ju» are the components of permanent electric moment of the 
molecule, fi\, nl, MS are the components of permanent magnetic moment 
of the molecule, a„ are the polarization coefficients and sure a measure of 
the distortion of the molecule by an applied electric field; i and j can take the 
values 1,2,3. \j/ is the angle between the applied electric and magnetic fields. 

From this it follows that the dielectric constant, e, is given by* 

€-1+4*x.(1 +bEP/a). $ 

Therefore ~ * cH*{ x./(l + 4*x.) I /T* , whfere Ac - t B - u , (flC ‘ 

since the n’s are all zero, as oxygen and nitrogen are non-polar f tf. Van 
Vleck (4,5,6)). 
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Using this classical result as a guide, it follows that the percentage change 
m dielectric constant, for a given magnetic field, will be increased by an 
increase in x* and a decrease in temperature. Hence measurements of the 
effect of a magnetic field on the dielectric constant of oxygen and nitrogen 
were made under the following conditions: 

1 . At 100 atm. pressure and room temperature. 

2 . In the liquid state at the temperature of liquid air under atmospheric 
pressure. 

While these conditions are such that Equation ( 1 ) would not be expected 
to hold exactly, nevertheless it is unlikely that the order of magnitude of the 
effect would be changed. 

Results 

In the preliminary work, in which a method similar to that employed by 
Voss was used, an apparent increase of the dielectric constant of oxygen gas 
at 100 atm. pressure and room temperature was observed. The balance 
current changed by 1.4X10 - ® amp., which corresponds to a change of 
1.1X10 - * in the dielectric constant. With nitrogen gas under similar con¬ 
ditions no effect was observed. The change in the capacity however may 
be attributed to the pressure change in the gas in the condenser due to the 
applied field. If K is the volume-magnetic susceptibility of the gas, the 
pressure increase will be: 

Ap - KIP/2 ; 

for oxygen at 20° C. and 100 atm. 

K « 1.4 X 10“‘ 

:.Ap — 1.9 mm. of mercury. 

Since the dielectric constant of oxygen at 20 ° C. and one atmosphere is 
1.00051, the change in dielectric constant will be 

At - 1.3 X 10-* . 

This is the value observed, within experimental error. The magnitude of 
the magnetic susceptibility of nitrogen is only 555 that of oxygen, hence no 
effect is to be expected due to pressure changes. Since the compressibility 
of liquids is much less than that of gases, this magnetic effect will not introduce 
errors of so large a magnitude in the measurements of their electric suscepti¬ 
bilities. Based on calculations similar to the above, the change in the dielectric 
constant of liquid oxygen is approximately one part in a million for a field of 
20,000 gauss. 

With the bridge previously described no change was observed in the 
dielectric constant of liquid oxygen or nitrogen in fields as strong as 19,000 
gauss. Since the only effect observed is that on oxygen gas at high pressure 
and in strong magnetic fields, and since this effect may be accounted for by 
the increase of pressure of the gas in the magnetic field, it may be concluded 
that any effect of magnetic field on the dielectric constant is at least as small 
as that indicated by rough calculations based on the classical theory. Further 
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it may be concluded that any effect on oxygen at least will be masked by the 
presence of magnetostrictive effects which, with apparatus of the type 
described, cannot be calculated exactly owing to held inhomogeneities. 

TABLE I 

Limit of error nr work by previous investigators 


Gas 

Author 

Ae/e 

AX/X 

T»Ax/H*X 

He 

Weatherby and Wolf 

2 X 10“* 

1 x i<r* 

1 x io-* 

0, 

Weatherby and Wolf 

2 X 10~* 

4 X 10-* 

5 X 10-* 

NO 

Mott-Smith and Daily 

1 X 10-‘ 

8 X 10-* 

3 X 10-* 

HC1 

Mott-Smith and Daily 

1 X 10~* 

1 x io-* 

3 X 10-* 

N, 

Ptitzer 

1 X 10-7 

2 X 10“ 4 

2 X 10-7 

0, 

POtzer 

1 X 10-7 

2 X 10“* 

2 X 10-7 

0, 

Voss 

3 X 10-7 

1 x io-* 

1 x io-* 

A 

Voss 

5 X 10-» 

1 x io-* 

7 X 1Q-* 

o, 

Young 

1 x io-« 

2 X 10-* 

4 X 10-* 

N, 

Young 

1 x io-* 

2 X 10~* 

4 x i<r* 

Oj (liquid) 

Young 

1 X 10"* 

3 X 10-* 

6 X IO"** 

Ni (liquid) 

Young 

1 x io-* 

3 X 10-* 

6 X IO-** 
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STUDIES ON EXPLOSIVE ANTIMONY 
III. THE MAGNETIC SUSCEPTIBILITY 1 
By C. C. Coffin 2 

Abstract 

Explosive antimony is not as diamagnetic as the ordinary polycrystalline 
metal. The magnetic susceptibilities are respectively —0.38 X 10^ and —0 88 
X 10“*. The explosive or amorphous form should therefore be regarded as 
a true glass of the supercooled liquid. The fact that it is less “metallic’* than 
the molten metal cannot be the result of the metallic binding of the liquid or 
crystalline state changing to homopolar binding in the amorphous state. 

Introduction 

The data presented in Parts I (4) and II (3) of this series indicate that 
explosive antimony is amorphous, and that its 4 ‘explosion” is a crystallization. 
The properties of this unstable electrolytic deposit are being studied in the 
hope that they may throw some light on the problem of amorphous metals 
in general. It seems probable that no other metal can be obtained in the 
amorphous state so easily and in such quantities. 

Measurements of the magnetic susceptibility were undertaken with the 
object of determining the type of atomic binding characteristic of the amor¬ 
phous metal. Ordinary crystalline antimony arid bismuth are diamagnetic 
because of the presence of homopolar bonds. The disappearance of these 
bonds when the crystal melts is accompanied by a decrease in diamagnetism 
and electrical resistance, so that the liquid is more truly a metal than is the 
solid. If explosive antimony is amorphous in the sense that it is a glass of 
supercooled liquid, it should therefore be less diamagnetic than ordinary 
antimony. 

On the other hand, the electrical properties indicate that explosive antimony 
is far less metallic than crystalline antimony (3). If this loss of metallic 
properties is the result of the replacement of metallic by homopolar binding, 
explosive antimony should be even more diamagnetic than the crystalline 
variety. Bernal has pointed out that the structure of the latter can be pic¬ 
tured as a layer lattice in which the bonds between the atoms of a layer are 
homopolar, and those between the layers are metallic (1, p. 375). In keeping 
with this view is the fact that crystalline antimony has a higher conductivity 
across than in the cleavage plane, and shows directional abnormalities in the 
conductivity at high pressures (2, p. 274). In explosive antimony, cleavage 
planes and, to a large extent, metallic properties have disappeared, so that it 
seems not unreasonable to suspect that the metallic bonds of the ordinary 
metal have become homopolar in the amorphous form. 

1 Manuscript received November 4 , 1935. 

Contribution from the Laboratory of Physical Chemistry , Dalhousie University , Halifax, 
N.S ., Canada. The Hata reported in this paper were included in a communication to the Royal 
Society of Canada at Hamilton , Ont., June 1935. 

2 Associate Professor of Chemistry , Dalhousie University . 
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The determination of the magnetic susceptibility of the explosive deposit 
offers an obvious means of choosing between these two possibilities. It may 
be stated at once that the amorphous metal is much less diamagnetic than 
the polycrystalline metal, so that in all probability the former is a true glass 
of the supercooled liquid. 

1Preparation of Specimens Experimental 

Fairly large cylindrical specimens of uniform composition and cross 
section were required for the magnetic susceptibility measurements, which 
were made by a modified Gouy method. As the material cannot be machined 
without explosion the specimens used were untouched electrolytic deposits. 
It has been already shown (4, 5) that the chemical and physical uniformity 
of an explosive cathode depends largely upon the efficiency with which the 
bath is stirred during the deposition. A poorly stirred bath will yield rough 
and misshapen cathodes which often consist of a mixture of the explosive 
and non-explosive forms. Such deposits are coarsely botryoidal in structure 
and have little or no metallic lustre. High 
speed stirring, on the other hand, results 
in symmetrical deposits of uniform chemi¬ 
cal composition. If a cathode be rapidly 
rotated about its own axis in a well stirred 
bath, the finished product will generally 
resemble a rod of highly polished steel. 

The stirring arrangement shown in Fig. 

1 proved to be very satisfactory. A large 
gear, A, 9 cm. in diameter, is fixed to the 
stationary shaft, B, which supports the 
whole mechanism. A small gear, C, is 
carried on either end of the bar D which 
is fixed to the driving pulley, F, by a hollow 
shaft, IJ. The copper wire cathodes are 
held in chucks attached to the gears, C, 
which mesh with A and therefore rotate 
about their own axis as they revolve with 
D. The gear ratios are such that the smaller 
two make five revolutions about their own 
axis for every revolution about A. The 
6ross bar, D, was turned at the rate of 300 
r.p.m. The anode of cast chemically pure 
antimony was mounted at the centre of 
the electrolysis cell as shown in the figure. 

The electrolyte was redistilled cheipically 
pure antimony trichloride dissolved in 10% 
hydrochloric acid solution. Precautions 
were taken to avoid contamination by iron. 
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Although very uniform specimens could be prepared with this apparatus, 
it proved to be unexpectedly difficult to make them very large. On attaining 
a certain size (less than 1 cm. in diameter) the cathodes usually exploded in 
the bath unless the current density was kept so low that the deposition pro* 
ceeded at an inconveniently slow rate. The explanation of these explosions 
is probably to be found in the fact that the amorphous metal has a very high 
resistance (4), which at high current densities might lead to local heating 
above the temperature (about 100° C.) at which the crystallization becomes 
explosive. After many attempts three suitable specimens were obtained 
in non-stop runs of 30 to 40 hr. duration. 

Magnetic Susceptibility Measurements 

The specimen was carried in a light, close-fitting test tube suspended by a 
fine copper wire from the beam of an analytical balance, which stood on a 
firm support about two feet above the flat-faced pole pieces of a large electro¬ 
magnet. The length of the copper wire was such that the lower end of the 
specimen was about 1 cm. below the top of the pole pieces, which were spaced 
with hardwood blocks to form a gap not more than 1 mm. greater than the 
diameter of the glass tube. The susceptibility of a specimen was deter¬ 
mined by comparing the apparent change in weight caused by the field 
with the change that the same field produced in the apparent weight of the 
glass tube filled with distilled water. CorrectiQns must be made for the 
diamagnetism of the glass and of the copper wire (the cathode basis metal) 
embedded in the antimony specimen, as well as for the fact that the cross 
section of the water column is necessarily greater than that of the antimony. 
The method of making these corrections will be clear from the following 
sample calculation. The density of explosive antimony is taken as 6.8 and 
the magnetic susceptibility of water as —0.72 X 10 - *. 

Sample Calculation 

Experiment 12, Specimen 3. Temperature 25-27° C. 



Current in 

Weight (W), 

AW 

• 

magnet, amp. 

gm. 

Glass tube + copper wire 

0 

4.5442 


3.000 

4.5402 

-0.0040 

Glass tube + specimen 

0 

29.1433 



3.000 

29.0484 

-0.0949 

Glass tube + specimen + water 

0 

32.5274 


3.000 

32.4175 

-0.1099 

Glass tube + copper wire + water 

0 

12.1619 


3.000 

12.1038 

-0.0581 


ATy» + aw. 

- -0.1099 - 

(-0.0040) 

- -0.1059 

AW» - AW. 

« -0.0949 - 

(-0.0040) 

- -0.0909 

2 AW. 



- -0.0150 

AW. 



- -0.0075 

A Wm 

- -0.1059 - 

(-0.0075) 

- -0.0984 

AWb,o + AW. 

p. -0.0581 - 

(-0.0040) 

- -0.0541 

AWmp 

- -0.0541 - 

(-0.0075) 

- -0.0466 
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Therefore, for explosive antimony, 

-0.72 X 10“* X -0.0984 
X “ —0.0406 X 6.8 


-0.22 X 10"«. 


In the foregoing calculation AW t is the apparent change in weight of the 
water layer between the cylinder of antimony and the wall of the glass tube. 
Although the values obtained for different specimens did not agree particularly 
well, the susceptibility of any one specimen could be checked from day to 
day to well within 0.5%. The magnetic susceptibility of purified benzene 
was found to be —0.714 X 10 - *, in excellent agreement with the value 
•0.712 X 10 - * given in the International Critical Tables. 

After determining the susceptibility of an explosive specimen, it was 
■crystallized non-explosively by keeping it for 24 hr. at 80° C. and then 24 hr. 
at 110° C. (4). Its magnetic susceptibility was then redetermined. All 
measurements on the explosive deposits were made within a few days of their 
preparation, so that no appreciable crystallization could have occurred (3). 


Discussion of Results 

The three specimens of explosive antimony used for these measurements 
are described in Table I. 

TABLE I 


Specimens of explosive antimony used foe magnetic susceptibility measurements 


Specimen 

No. 

Wt. Sb., 
gm. 

% SbCb 
in sol’n. 

% SbCl, 
in metal 

Approx, 
length, cm. 

Approx, 
diam., cm. 

1 

34 84 

15 

5 

6 5 

1 

2 

13 85 

31 

6 

6 

0.3 

3 

24.53 

31 

6 

6 

0.9 


Column 4 gives the approximate percentage of antimony trichloride in the 
metal, as interpolated from the antimony trichloride concentration of the 
solution (column 3) from which it was deposited (6). Specimens 2 and 
3 were very bright 
and smooth and of 
uniform diameter. 


TABLE II 

The magnetic susceptibility of explosive and of 

CRYSTALLINE ANTIMONY 


Specimen 1 was bright 
but was somewhat 
rough and uncylin- 
drical. The results of 
the magnetic suscep¬ 
tibility measurements 
are given in Table 
II. The results of all 
determinations ate 
listed. 


Specimen 

X X 10* 

Mean 

X X 10* 

No. 1 Explosive 

—0.21, -0.21 

-0.21 

No. 1 Crystallized 

-0.42, -0.41 

-0.42 

No. 2 Explosive 

-0.19, -0.19 

-0.19 

No. 2 Crystallized 

—0.44, -0.44 

-0.44 

No. 3 Explosive 

-0.22, -0.22, -0.22 

-0.22 


No. 3 Crystallised —0.52, —0.49, —6. “ —6.50 

Mean value of X for amorphous antimony «■ 0.21 X 10“* 

Mean value of x for crysta ll is ed antimony - —0.45 X 10~* 
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There is a small correction to be made for the diamagnetism of the antimony 
trichloride (x ” —0.36 X 10“*) present in these specimens. The assumption 
that there is 5% of antimony trichloride as such in both the amorphous and 
crystalline metal changes the values in Table II for the susceptibilities by 
about +0.01 X 10"* and —0.01 X 10~* respectively. These values thua 
become 

x(explosive Sb) - -0 20 X 10"* 

X(crystallized Sb) *» —0 46 X 10~* 

The I.C.T, give x(crystalline Sb) - -0 87 X 10-*. 

This discrepancy between the magnetic susceptibility observed for the 
crystallized specimens and that given in the literature for the polycrystalline 
metal is probably due to the presence of traces of iron in the electrolytic 
preparations. The great difficulty in avoiding or correcting for traces of 
ferromagnetic material in work of this kind is well known (10, p. 505), and it 
seems fairly certain that iron dissolved in antimony is in a ferromagnetic 
state (8, p. 373). 

As a test of the magnetic purity of the starting material, two polycrystalline 
rods were cast from the same “chemically pure” antimony 'that had been 
used for the anodes in the preparation of the explosive specimens, and their 
susceptibilities were measured. The value found, viz , —0 54 X 10~*, is 
much closer to that of the crystallized specimens than to that given in the 
literature. It thus seems probable that the presence of iron is the cause of 
the low diamagnetism of the crystallized material, and that both the amor¬ 
phous and the crystallized metal are more diamagnetic than the foregoing 
experiments indicate. If this assumption is correct, the true value for the 
magnetic susceptibility of amorphous antimony is probably about —0 38 
X 10~ 8 . The amorphous metal is thus somewhat less diamagnetic than even 
liquid antimony at the melting point (x = —0 49 X 10"^). The values are 
nearly enough alike, however, to suggest that the internal binding is very 
much the same in the two cases, and that some mechanism other than the 
disappearance of metallic bonds must account for the loss of metallic properties 
that occurs when the metal becomes amorphous. The high resistance (at 0° 
C. about 100,000 times that of ordinary antimony (3)) and its negative tem¬ 
perature coefficient are properties of the material that are difficult to explain 
unless the disappearance of metallic bonds is assumed. 

It has been recently suggested by Prins (9), who has also found explosive 
antimony to be less diamagnetic than ordinary antimony, that the high 
resistance of the explosive form is due to the presence of the antimony tri¬ 
chloride, which may exist as insulating films within the metal. In support 
of this view are the facts that the specific resistance increases with increasing 
antimony trichloride content, and that the material is distinctly heterogeneous 
(4). On the other hand, the fact that amorphous films of antimony con¬ 
taining no antimony trichloride show much the same peculiarities with regard 
to the electrical resistance and its temperature coefficient (7) is definitely 
opposed to this hypothesis.-*_ 
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A NEW METHOD FOR THE APPLICATION OF LUMINESCENT 
SCREENS TO GLASS SURFACES 1 

By W. H. Kohl* 

Abstract 

An outline is given of the various methods for the application of luminescent 
screens, and their relative merits. Most widespread in use are methods that 
utilize a liquid binder that enters into a chemical reaction with the glass surface. 

In other cases, the powder is partially imbedded in the glass surface by a sinter¬ 
ing process. The physical characteristics of the luminescent screen are adversely 
affected by both of these methods. A process based on the activation of the 
glass surface by a deposit of sulphur is described. The sulphur coating picks 
up the luminescent powder in a uniform layer when it is brought into contact 
with the powder. After being removed by means of a moderate heat treatment, 
it leaves the screen firmly adhering to tne glass surface Possible mechanisms 
for the process are briefly discussed. 


History and Current Methods 

The coating of glass surfaces with powders, and in particular the coating 
of the inside wall of a glass envelope, constitutes an important process in the 
manufacture of cathode ray tubes. In the early Braun tube (4) the lumines¬ 
cent screen was painted on a mica disc, which was held in position close 
to the inside of the face of the bulb. Viewed from the outside, the luminescent 
spot was necessarily of low intensity, owing to the absorption of light in the 
mica disc and in the glass wall. Varley (15), who worked with Braun in 
Strassbourg, therefore replaced the mica disc by a glass disc, and finally 
applied the screen directly to the inside wall of the tube. 

In order to make the screen adhere to the glass surface, the powder was 
either mixed with sodium silicate (water glass) and painted on with a brush, 
or dusted on to a film of water glass and then sintered on to the glass by heat 
treatment. Screens made in this fashion are liable to show brush marks and 
are easily discolored or burnt when exposed to the electron beam. This is 
due to a reduction of the binder and its chemical reaction with the glass. 
Potassium water glass has lately been used to greater advantage as a binder 
in this method (1, pp. 85-88). L. M. Hull (8) used a lacquer binder instead 
of water glass. 

Another method in wide use up to the present day is that developed by 
Everett and described by Sir J. J. Thomson (14). The powder is allowed to 
settle slowly from a suspension in alcohol. “When the deposit has reached 
the requisite thickness, die rest of the suspension is drawn off and the deposit 
allowed to dry; when dry it sticks quite firmly to the plate." Unless sintered 
into the glass, however, such semens are very sensitive to mechanical shocks, 
and therefore not suitable for shipment. 

It is from another viewpoint that carbon compounds such as alcohol, acetone, 
ethyl oxalate, glycerine, and others, are not suitable as binders for screen 

1 Manuscript received November 5, 1935 . 

Contribution from the laboratory of Rogers Radio Tubes Limited, Toronto, Canada. 

* Research physicist, Rogers Romo Tubes Limited, Toronto, Canada. 
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materials. It has been observed throughout the development of the Braun 
tube that such screens are liable to build up surface layers, which are apt to 
block the electron stream and prevent it from hitting the fluorescent material 
proper (1, 15). The phenomenon observed is the emanation, from the centre 
of a dark circular area around the point of impact of the beam as centre, of 
fluorescent streamers that travel towards the edge of the screen where the 
electrons, which glide over the charged surface, are able to excite the outer 
regions to fluorescence. Stewart (11) has given an account of the formation 
of insulating films caused by electron and ion bombardment in the presence 
of the slightest traces of organic vapors in an evacuated tube (£=10-* mm. 
of mercury) for electron velocities in the range 190 to 210 volts. Stewart 
points out that these films are formed only at the point of impact of the rays 
on the surface, and may be attributed to carbon compounds formed by the 
polymerization of organic vapors. They are formed on glass and metal 
surfaces that are exposed to bombardment by the particles in question. 

Black circular areas on the lower side of an anode disc with the aperture 
as centre and interference fringes at the edge were repeatedly observed by 
the author during the earlier stages of the development of cathode ray tubes. 
In each of these cases the screen was put on with an organic binder. 

The exclusion of such binders is essential for the reasons given above. 
The only alternative method left for the application of luminescent screens 
seentB to be that of Espe (6; 1, p. 86). The glass surface is wetted with distilled 
water and the fine powder dusted onto it so as to form a uniform layer. The 
blank is then heated to a temperature near the softening point of the glass, 
so that the powder particles sink into the glass and are firmly imbedded in 
it after the glass has cooled down. Particles not in firm contact with the 
glass may then be removed with a brush. Such screens have the appearance 
of frosted glass and withstand the bombardment by a high energy beam 
better than others, owing to the high heat conductivity of the imbedded 
screen particles. This may be further increased by admixing with the powder a 
glass dust of a low melting point. Plots of the luminous intensity of the fluores¬ 
cent spot as a function of the energy input are given by Ardenne (1, pp. 85-88) 
for a screen of CaWO« prepared with a potassium silicate binder in one case, 
and without any binder, but sintered only, in the other. The plots disclose 
a superior and almost linear characteristic for the sintered screen. 

Unfortunately, the luminous intensity of the spot on the screen is partly 
dissipated in the glass wall and forms a “halo” or “spurious rings” around 
the spot proper. Hughes (7) and v. Ardenne (2, 3) have studied the causes of 
the formation of this halo, and the latter suggested means for it^ reduction. 
Assuming a perfectly concentrated electron beam exciting fluorescence in one 
particle of the screen surface, it is found that the halo is due to total reflection 
of the fluorescent radiation at the glass-air interface of the glass wall. The 
radius of the halo will be approximately twice the thickness of tto wall. Fur¬ 
thermore, it will be larger for a screen particle that is partly imbedded in the 
glass wall by the sintering process than for a particle that is but loosely bound 
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to the surface by a binder and has a smaller contact area with the glass. 
Photometric measurements of the relative intensity of the halo with respect 
to the total brightness of the luminescent radiation disclose that 25 to 28% 
of the total luminescent radiation is dissipated in the halo in a sintered screen 
and only 1$ to 4% in a loosely bound screen. The reduction of the diameter 
and the intensity of the halo is of great importance for the perfection of tele¬ 
vision images, as well as for obtaining sharp oscillographic curves. It requires 
the development of special binders of low absorption coefficients and special 
chemical characteristics. Many workers in the field strive towards this end, 
and the results obtained are generally guarded with great care. A method 
that would combine the advantage of a loosely bound screen with the absence 
of a physical binder, seems to be an ideal solution of the problem. 

During a number of years spent on the development of cathode ray tubes, 
the author encountered in the preparation of fluorescent screens all the 
difficulties that are described above in part. Suspensions of the powder in 
acetone and in amyl acetate, which were sprayed on to the glass wall, gave 
smooth screen surfaces that responded well to the election beam for a short 
time, but showed marked deterioration of brilliancy and charge effects, even 
in gas filled tubes, after a day or so. It was at this stage that a fundamentally 
different method, one that did not involve the use of organic binders, was 
sought. 

Description of New ^Method 

H. W. Parker* observed that a condensate (obtained by burning sulphur 
in air) on the glass wall easily picked up the powder in a thin and uniform 
layer when the powder was put into the bulb, and the bulb revolved over a 
sharp flame. A uniform sintered screen that could not easily be removed 
from the glass was thus formed. 

A further investigation of the possibilities of sulphur as a binder was 
suggested to the author and led to the following process, which was developed 
during the summer of 1933, and has been in use in this laboratory ever since, 
with only slight modifications. 

Experimental tests of electrode structures, cathode designs and luminescent 
materials are for economic reasons generally carried out with small tubes. 
Radio tube blanks are useful for this purpose. The application of screens 
to the face of such envelopes will be described first. 

Coating of Small Blanks 

A small glass container (10 cc.) is filled with carbon disulphidef and heated 
electrically so that the liquid boils quietly (b.p. 46° C.). When lit with a 
match, the vapor burns with a light blue flame about two inches long. The 

* Chief Engineer of Rogers Radio Tubes Limited. 

t Carbon disulphide is a •olatile liquid and poisonous. Its vapor pressure at 1 atm. is 300 mm. 
•f mercury. The vapor forms an explosive mixture with air. It should, therefore, be handled 
with care. 
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blank to be coated is carefully cleaned and held over the flame so as to 
partially cover it. The products of the chemical reaction are carbon dioxide, 
sulphur dioxide, sulphur trioxide, and sulphur due to incomplete combustion. 
Sulphur trioxide is formed to a small extent in the presence of water vapor. 
For the purpose of the present description of the technical features of the 
process, it will be assumed that sulphur vapor is the main product of the 
reaction. A few seconds after the blank is exposed to the vapor stream, a 
deposit forms suddenly on the glass wall and gradually becomes heavier. 
The blank is filled with a dense cloud. When the deposit is of a yellowish 
green color, the blank is removed from the flame and allowed to cool. The 
deposit is then wiped from the wall of the blank with a cloth, except for the 
part that is to carry the screen. The fluorescent powder, which must be in 
a free flowing state, i.e., dry and of uniformly small particle size, is put into 
the blank and brought into contact with the sulphur coating by shaking it 
quickly with a circular motion. The sulphur coating picks up a uniform thick¬ 
ness of powder that is determined by the thickness of the original coating. 
The excess powder is removed by turning the blank upside down and shaking 
it violently. The wall is then wiped clean with a cloth and the edge of the 
screen reduced to the desired diameter. The sulphur deposit on the screen 
is driven off by holding the blank over a Bunsen flame of moderate temper¬ 
ature for a few minutes. This completes the process. A perfectly uniform 
screen adheres to the surface of the glass. The screen cannot be shaken off 
after exhaustion of the tube, but it can easily be removed with a cloth if 
another screen is to be put on. Blanks of medium size (3 in. screen diameter) 
can be coated in the same way. While exposing the blank to the vapor it 
is advisable to rotate it slowly in a holder, to ensure a uniform deposit of the 
vapor on the screen surface. The coating of such small blanks is carried out 
very easily in a very short time and at a minimum cost. The excess powder 
from the coating of one blank can immediately be used for the next one. 

Coating of Large Blanks 

Large-sized blanks for cathode ray tubes of 5 in. or greater screen diameter 
require a specially designed double wall chimney that guides the vapor towards 
the screen surface, and prevents its condensation on the neck of the tube. 
This funnel ends in a specially designed mouthpiece which has a hollow glass 
cone with its apex pointing downwards, and which is supported in the inner 
tube. It serves to distribute the rising stream of vapor over a spherical angle 
and prevents it from hitting the centre of the screen surface directly. The 
blank is rotated slowly during this stage of the process; after about 10 min. 
a heavy deposit of sulphur is obtained. It was found useful, though not 
necessary, to cool the surface by means of water in a cylindrical* container 
that fitted tightly over the face of the blank and rotated with it. After it 
has circulated within the bulb, the vqpor is pumped off through the funnel 
by means of a water jet pump. This protects the operator frpm escaping 
sulphur vapore. The blank is then cleaned with a cloth, witfc which the 
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sulphur deposit may be easily removed from the wall. In order to obtain a 
uniform screen, the powder should be whirled into a cloud before it makes 
contact with the surface. If the powder makes its first contact with the 
screen in a mass, streaks are liable to be left, but after the original contact 
the powder is allowed to slide over the surface in bulk. 

Physical Qualities of the Screen 

The screen material is generally passed through a 200 mesh sieve to ensure 
approximately uniform particle size. The diameter of a particle was, there¬ 
fore, on the average, of the order of 50 y. Whether there exists an optimum 
particle size, as found by A. v. Buz&gh (5) for microscopic particles in a 
liquid suspension adhering on surfaces which consist of the same material 
as the particles, has not been determined. When observed under a micro¬ 
scope, the completed screen appears as a fairly close packing of one layer of 
particles with interspaces on boundary lines unoccupied, owing to the irregular 
shape of individual particles. Here and there a larger particle rests on top 
of this layer. The screen has a transmittance approximately that of frosted 
glass, and appears white, gray, or whitish yellow, depending on the natural 
color of the screen material. Electrons penetrate only to about 10 -4 cm. into 
the dielectric, as determined by the equation d = KV*, where d is the depth 
of penetration, V is the volt equivalent of electron beam velocity, and K is a 
constant. For potentials commonly applied to cathode ray tubes, the depth 
of penetration is very small. A thin uniform screen is therefore most efficient. 

Screens prepared in the manner described above are of high brilliancy, 
and show no deterioration other than that due to the quality of the screen 
material itself. They are equally suitable for gas filled and high vacuum 
type tubes. Their mechanical strength is not affected by the heat treatment 
of the tube necessary in the exhaustion process, during which the temperature 
is raised to 480° C. The tenacity with which the surface forces hold the 
powder is evident from the following simple tests. The screen cannot be 
separated from the glass by a strong stream of air, by any violent shocks, 
or by filling the tube with water and then drying it again over a flame. How¬ 
ever, the coating can easily be wiped off with a cloth. This shows that the 
particles are loosely bound to the surface. Finished screens can be left 
exposed to the atmosphere for any length of time before being sealed and 
exhausted. Sulphur coated blanks may also be stored for days before the 
powder is applied. It is advisable, however, to complete the process without 
interruption. 

Consideration of the Mechanism of the Process 

No attempt will be made in this preliminary report to present a theory of 
the mechanism of this process. Lack of time and equipment has made 
quantitative 'measurements impossible so far. A closer study has recently 
been undertaken at^the McLennan Institute of the University of Toronto. 
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A few observations will be reported, however, and possible correlations with 
other phenomena in the field of surface physics pointed out as a suggestion 
for further research. 

A thin glass disc was moved slowly through a carbon disulphide flame and 
then observed under a microscope. A matrix of closely arranged tiny droplets 
covering the surface was thus formed. The disc was then moved through the 
flame again, observed, and this procedure repeated several times. On repeated 
exposures to the flame, the size of the globules gradually increased and the, 
matrix became less dense, until finally several adjacent globules combined to 
form elongated, irregularly shaped bands, which were interlaced and looked 
like the pattern of a labyrinth. The formation of such droplets by the con¬ 
densation of vapors on metal or glass surfaces is a well known phenomenon, 
and was recently studied carefully by Tammann and Boehme (13). They 
investigated the condensation of water vapor on metal and glass surfaces, 
and, with a microscope, counted the number of droplets per unit area. It 
was found that condensation centres exist on the surface, and that, after a 
deposit is removed with the aid of heat, repeated condensations lead to the 
formation of individual droplets at the same points on the surface. The 
number of droplets formed per unit area on different metals shows a correlation 
with their position in the Volta series. Condensation occurs most readily at 
crystal interfaces and where there are tool marks. The number of droplets 
formed on glass was only half that on gold (200 per 0 01 mm.* on gold). 

. The activation of the glass surface by the sulphur deposit may be explained 
in one of the following ways: 

1. The sulphur may act as a cleaning agent and allow the powder particle 
to come in contact with a clean surface after the evaporation of the droplet 
underneath, and be held by surface forces. 

2. A very thin layer of amorphous sulphur might adhere to the surface even 

after the heat treatment, and act as a binder. This is considered to be unlikely,. 

as the slightest traces of sulphur would tend to poison the cathode, and this 

would affect the thermionic emission. No such effect was e\er observed. 

* 

3. The powder particles are undoubtedly charged electrically, owing to their 
mutual friction during the process of application. On the other hand, the 
glass surface is most probably charged during the exposure to the sulphur 
vapor, in a manner similar to that described by Stimson (12) for the building 
up of charges on hot metallic surfaces during the adsorption of gases. The 
role of the sulphur may then be to charge the glass surface and thus cause 
the binding of the powder by electrical forces. 

To clarify this mechanism and ascertain whether other vapors would have 
a similar effect should prove to be an interesting study. * 
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THE SORPTION OF WATER VAPOR ON 
CELLULOSIC MATERIALS 1 

By Edgar Filby 2 and O. Maass 3 

Abstract 

A direct method used for measuring the adsorption of water vapor oncellulosic 
materials and in which a number of improvements have been made is described. 

It is ensured that no vapors other than water are present no matter how long a 
time is required for the establishment of equilibrium. The adsorption and 
desorption isotherms of standard cellulose, spruce wood, surgical cotton, Kodak 
rag cellulose and bleached sulphite have been measured, and the data which 
indicate the time required for the establishment of true equilibrium have been 
given. The data of Urquhart and Williams (6, 7) for standard cellulose deter¬ 
mined by an indirect method in 1926 have been shown to be correct. 

Introduction 

This paper deals with the further development of a method used by one 
of us for measuring the sorption of vapors such as water and alcohol on ad¬ 
sorbing materials such as cellulose and wood. 

A McBain-Bakr spring balance of quartz fibre, sensitive to about 1 part 
in 20,000 of the total weight suspended, is used to measure the sorption, 
which, at saturation, amounts to 20 or 30% of the dry weight. 

The sample to be investigated is suspended on the spring balance in a glass 
tube and subjected to a constant vapor pressure by connecting the tube to a 
bulb containing the liquid sorbate. In this way the relative vapof "pressure 
of the sample and that of the liquid used as the source of vapors may be 
regulated by thermostatically controlling each separately. 

The system contained neither stopcocks nor mercury seals, since both are 
subject to criticism, the stopcocks developing leaks and the mercury being 
adsorbed appreciably on cellulose at high-vacuum pressures. 

The curves as established are of the same “S”-form as that indicated by 
previous workers (1, 2, 4, 5, 6, 7); however the time required for equilibrium 
to be established is in some cases found to be considerably longer oWIng to the 
somewhat different technique employed. 

1 Manuscript received June 11,1935. 

Contribution from the Physical Chemistry Laboratory , McGiU University , Montreal , 
Canada. £ 

* Research Chemist, The Electric Reduction Company, Buckingham , Quebec. 

1 Professor of Physical Chemistry, McGill University. 
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Apparatus Experimental 

As previously stated the McBain-Bakr (3) spring balance was made from 
a fine quartz fibre. These fibres were made by pulling out quartz rod after 
it had been heated in an oxy-acetylene flame, and were wound into spirals 
of half-inch diameter and about SO turns to the inch by passing them through 
a small gas jet on to a revolving steel rod. 

Each cell was constructed of glass tubing of about 2\ ft. in length and one 
inch diameter. This was sealed off at both ends, with a hook at one end to 
which the balance and suspended sample could be attached. At a short 
distance from the hook end there wae inserted a side tube that could be con¬ 
nected to the water bulb. 

The two thermostats, one for the cells, the other for the water bulb, were 
fitted with cooling coils, heating lamps and thermoregulators, which were 
sensitive to 0 01° change in temperature. A diagram of the vacuum system 
is shown in Fig. 1 in which one cell and spring balance is drawm in full and 
the position of the other four indicated. 

Manipulation t 

After the balances were made and fitted with central rods (W. B. Camp¬ 
bell (1) ) as shown in Fig. 1, they were tested for Hook’s law by measuring 
the length from the end of the central rod to the bottom of the spiral, shown 
in Fig. 2, with varying loads. The balance and sample were then suspended 
in the cell and the end sealed off, a process that required considerable technique. 



When fiye cells, each containing a spring balance and suspended sample 
were fitted as shown in Fig. 1, the system was sealed at C and evacuated 
through the phosphorus pentoxide tube which was surrounded by liquid air to 
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prevent contamination from the mercury vapor pumps at high-vacuum 
pressures. The entire system was flushed out several times with dry helium, 
then the pump left on for a few days until a pressure of less then 0.0001 mm. 
of mercury was registered in a McLeod gauge attached between the “U” 
tube and the pump. This low pressure was found to remain constant for 12 
hr. after the pumps had been cut off. 

During this process, measurements of the length shown between A and B 
Fig. 2, were read until the value was constant. The system was then filled 
with dry helium and the water bulb attached at C. The water in the bulb 
was freed from air by repeatedly freezing, cooling and evacuating it until such 
a procedure caused no change in pressure in the McLeod gauge. The system 
was again flushed out with helium, the water bulb was immersed in liquid 
air, and the process of evacuation allowed to continue until the pressure 
could not be read on the McLeod gauge. The system was then sealed off 
from the pumps and phosphorus pentoxide tube at D , leaving a closed evac¬ 
uated system containing the sorption balance and solid and liquid phases 
to be studied. 

The remainder of the experimental procedure consisted in measuring the 
length of the spiral balances under varying conditions of relative vapor 
pressures. This was done by keeping the cells at 20.0° C. and varying the 
temperature of the water bulb. First, the bulb was set at liquid air tem¬ 
peratures and left until equilibrium was established, readings on the spirals 
l>eing taken every few r hours. This was repeated at different temperatures 
each higher than the preceding one until finally the water bulb was thermo¬ 
statically controlled at about 19° (\, which gave a relative vapor pressure 
of about 94 r {. Water was then distilled from the bulb into the cells in order 
to saturate the samples. \\ hen this was accomplished the temperature of 
the w r ater bulb was lowered and the vapor distilled off from the samples. 
Desorption equilibrium values were then obtained at various intervals until 
at liquid air temperatures the phosphorus pcntoxide dry w T eight was again 
reached. In this manner the adsorption isotherm for the materials inves¬ 
tigated were established. A calibrated Becker cathetometer w r as used to 
measure the length of the spirals. 

Materials 

A sample of white spruce wood 1 mm. thick was taken from the centre 
of,a log. Cutting across the grain and limiting the thickness to 1 mm. was 
found to speed up diffusion of the vapor into the sample. The spruce wooi 
w r as suspended on spiral balance No. 1. 

Spiral balance No. 2 carried a piece of purified cotton obtained from bleached 
surgical cotton by seven t2-hr. extractions with 1% boiling sodium hydroxide, 
after which the cotton was washed free from base with distilled water. The 
process was completed by acidifying the cotton with 1 % acetic acid and 
washing it free from acid. 
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The sample of standard cellulose on spiral balance No. 3 was prepared as 
follows. A 75 gm. batch of raw cotton that had been hand picked free from 
seeds and foreign matter was extracted with ethyl alcohol for four periods of 
four hours each. Four two-hour extractions were then carried out with 
diethyl ether, after which the cotton was subjected to a continuous ten hour 
extraction with 1% boiling sodium hydroxide, during which a total volume 
of 10 litres was used. The cotton was then washed with four litres of 
boiling water, and cold water, five to six litres, was added to cool the 
batch, which was then washed on a Buchner funnel with five litres of 
water and dried by means of a suction pump. The product was next soaked 
in 1% acetic acid for about two hours, washed free from acid with 10 litres 
of water and allowed to dry in vacuo at about 40° C. All solutions were made 
with distilled water, and all water used was previously boiled to expel dis¬ 
solved oxygen. 

Spiral balance No. 4 carried a sample of Kodak rag cellulose, and spiral 
balance No. 5, a sample of bleached sulphite pulp that had been allowed to 
stand in distilled water for a period of 12 hr. < 

Results 

The spirals were carefully calibrated with known weights and tested for 
E 

the relation S = —, where 5 is the sensitivity and E is the elongation caused 
W 

by a weight of W grams. In the following tables are shown (i) the sorption 
values found when the samples were subjected to definite vapor pressures, 
and (ii) the desorption values of the same samples. In Table I the data 
recorded for standard cellulose are given in detail to indicate the time required 
for equilibrium to be established. Column 1 shows the time in hours, i.e. 
the time from the adjustment of the temperature of the water bulb to 7^° C. 
to the time of reading the length AB . T\ is the temperature of the sample 
and Ti that of the thermostat surrounding the water bulb. Where no tem¬ 
perature is recorded under 7a it means that the sample was subjected to 
evacuation prior to the sealing off of the apparatus. L, in millimetres, is the 
distance between the points A and 5, from which the elongation can be 
calculated. The first value at each temperature, T 2 , given is that at which 
equilibrium was expected, and the subsequent values are recorded to indicate 
further change if any. It will be seen that in the sorption at low vapor 
pressures, equilibrium is established fairly rapidly, but at higher pressures 
and for desorption long intervals of time are required. It is of interest to 
note that after desorption the liquid air value was the same within experimental 
error. The last two columns show the percentage of w r ater and the percentage 
relative vapor pressure taken as the final value. The percentage of wrater 
sorbed by the sample was calculated in terms of the dry weight. The relative 
vapor pressure was calculated from data obtained from the International 
Critical Tables. 
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TABLE I 

Sorption of water vapor on standard cellulose and desorption of water from 

STANDARD CELLULOSE SATURATED WITH WATER VAPOR 


Time, 

T u 

T t , 

L, 

E, 

% Water 

% R.v.p. 

hr. 

# C. 

u 

o 

mm. 

mm. 

on sample 

in system 


Sorptipn 


12 

20.0 


1.94 




36 

20.0 


1.90 




60 

20.0 


1.90 




84 

20.0 


1.94 




10 

20.0 

Liquid 

1.95 




20 

20.0 

air 

1.94 




17 

20.0 

Solid 

1.96 




26 

20.0 

CO* and 

1.94 




40 

20.0 

ether 

1.94 




1 

20.0 

-20 

2.71 




3 

20.0 

-20 

2.73 

0.83 

0.80 

4.24 

2 

20 0 

-6.5 

4.89 




4 

20.0 

-6.5 

4.87 

2.98 

2.85 

15.11 

24 

20.0 

0.0 

5.77 




28 

20 0 

0 0 

5.79 




36 

20.0 

0.0 

5 79 

3.89 

3.73 

26.12 

• 32 

20.0 

11.5 

8.85 




39 

20.0 

11.5 

8.85 




46 

20 0 

11 5 

8.86 

6.96 

6.66 

58.04 

13 

20.0 

12 0 

9 21 




26 

20.0 

12.0 

9 20 




31 

20.0 

12.0 

9 20 

7.30 

6.98 

59.98 

20 

20 0 

14.0 

10.27 




66 

20 0 

14.0 

10.28 




78 

20 0 

14.0 

10.27 




86 

20 0 

14.0 

10 27 

8.37 

8.01 

68.36 

17 

20.0 

16.0 

11.88 



vr 

54 

20 0 

16.0 

11.84 




62 

20.0 

16.0 

11.87 




86 

20.0 

16.0 

11.88 

9.98 

9.56 

77.75 

23 

20.0 

19.0 

17.69 




40 

20.0 

19.0 

17.78 




80 

20.0 

19.0 

17.77 




95 

20 0 

19.0 

17.85 

15.9 

15.3 

93.9 

21 

20.0 

19.5 

21.73 




42 

20.0 

19 5 

21.79 




50 

20.0 

19.5 

22.03 



to 

65 

20.0 

19.5 

21,60 

20. 

19. 

96.9 

10 

20.0 

20.1 

100* 




58 

20.0 

20.1 

54.0 



’ 

82 

20.0 

20.1 

54.2 




94 

20.0 

20.1 

55.0 

53 

51 ji\ 

103 


*The high saturation value found at the end of 10 hours was due to water condensing on the 
sides of the cell and being absorbed on the sample by actual contact , 
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TABLE I —Concluded 


Sorption of water vapor on standard cellulose and desorption of water from 

STANDARD CELLULOSE SATURATED WITH WATER VAPOR 


Time, 

Tt, 

T lt 

L , 

E, 

% Water 

% R.v.p. 

hr. 

°C. 

°c 

mm. 

mm. 

on sample 

in system 


Desorption 


82 

20 0 

19 0 

20 99 




115 

20 0 

19 0 

21 06 




176 

20 0 

19 0 

20 50 




194 

20 0 

19 0 

20 45 




224 

20 0 

19 0 

20 46 

18 5 

17 5 

93 9 

24 

20 0 

18 0 

17 56 




94 

20 0 

18 0 

17 34 




138 

20 0 

18 0 

17 24 




160 

20 0 

18 0 

17 25 

15 3 

14 5 

88 3 

24 

20 0 

16 0 

14 37 




90 

20 0 

16 0 

14 15 




128 

20 0 

16 0 

14 09 


( 


138 

20 0 

16 0 

14 08 

12 18 

11 55 

77 75 

45 

20 0 

12 0 

10 74 




60 

20 0 

12 0 

10 69 




94 

20 0 

12 0 

10 67 




108 

20 0 

12 0 

10 67 

8 77 

8 30 

59 98 

12 

20 0 

8 0 

9 10 




36 

20 0 

8 0 

9 00 




60 

20 0 

8 0 

9 00 




108 

20 0 

| 8 0 

9 00 

7 10 

6 73 

45 88 

31 

20 0 

2 0 

7 50 




48 

20 0 

2 0 

! 7 45 




76 

20 0 

2 0 

! 7 25 




110 

20 0 

2 0 

7 25 

5 35 

5 07 

30 2 

6 

20 0 

-11 0 

4 82 




24 

20 0 

-11 0 

4 51 




48 

20 0 

-11 0 

4 52 




60 

20 0 

-11 0 

4 51 

2.61 

2.47 

10 18 

24 

20 0 

Solid 

1 99 




48 

20 0 

CO a 

1 95 




72 

20 0 

and 

1 94 




96 

20 0 

ether 

1 95 




12 

20 0 

Liquid 

1 93 




25 

20 0 

air 

1 90 




72 

20.0 


1 92 




95 

20.0 


1 91 





In Table II are recorded the final sorption and desorption values for the 
other samples. 

In every case it was found that the weight in vacuo corresponded with the 
weight when the temperature was that of liquid air to within the accuracy 
with which measurements could be made. 
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TABLE II 

Sorption and desorption values for various cellulosic materials 


o 

p 

o 

p 

1 

% Water 
in sample 

% R.v.p. 
in system 

Ti, °C. 

r., °c. 

% Water 
in system 

% R.v.p. 
in system 

Sorption 

Desorption 


White spruce 


20.0 

Liquid air 


MgM 

20.0 

19.0 

mm 

93.9 

20.0 

Solid CO -2 


■ H 

20.0 

18.0 


88.3 


and ether 


■ ME 





20 0 

-20 

1 84 

1 1 

20.0 

16.0 

19.01 

77.75 

20 0 

-6 5 

4 60 

BmRI 

20.0 

12.0 

14.13 

59.98 

20.0 

0 0 

6 23 

HraM 

20 0 

8.0 

11.37 

45.88 

20 0 

11.5 

11 53 

MiMl 

20.0 

2.0 

8.41 


20.0 

12 0 

11 96 

59 98 

20.0 

-11.0 

4.21 


20.0 

14 0 

13 67 

68.36 

20.0 

Solid C0 2 



20.0 

16 0 

16.40 

77.75 


and ether 



20 0 

19.0 

25 2 

93.9 

20.0 

Liquid air 



20.0 

19.5 

30 

96.9 





20.0 

20 1 

35 

100 






Bleached surgical cotton 


20 0 

Liquid air 



20.0 

19 0 

17.5 

9? 9 

20 0 

Solid COa 



20.0 

18 0 

14.3 

88.3 


and ether 



20 0 

16 0 

11.95 

77 75 

20 0 

-20 0 

0 99 

4 24 

20.0 

12.0 

7.92 

59.98 

20 0 

-6 5 

2 82 

15 11 

20.0 

8.0 

6.23 

45.88 

20 0 

0 0 

3 64 

26 12 

20.0 

2.0 

4.64 

30.20 

20 0 

11 5 

6.44 

38 04 

20 0 

-11 0 

2.52 

10.18 

20 0 

12 0 

6.74 

29 88 

20.0 

Solid C0 2 



20.0 

14 0 

7.74 

68.36 


and ether 



20 0 

16 0 

9.24 

77 75 

20.0 

Liquid air 



20 0 

19 0 

15.2 

93.9 




20 0 

19.5 

19 





* 

20.0 

20 1 

32 

100 








Kodak rag 

cellulose 




20.0 

Liquid air 




19 0 

17.8 

93.9 

20.0 

Solid CO* 



1 El 

18.0 

14.5 

88.3 


and ether 



20.0 

16.0 

11.23 

77.75 

20 0 

-23 

0.94 

4.24 

20.0 

12.0 

7.97 

59.98 

20.0 

-6.5 


15.11 

20.0 

8.0 

6.26 * 

45.88 

20.0 

0.0 

3.46 

26.12 

20.0 

2.0 

4.64 

30.20 

20.0 

11.5 

6.49 

58.04 

20.0 

-11.0 | 

2.40 

10.18 

20.0 

12.0 

6.77 

59.98 

20.0 

Solid C'Oj j 



20.0 

14.0 

7.84 

68.36 


and ether 



20.0 

16.0 

9.34 

77.75 

20.0 

Liquid air 



20.0 

19.0 

15,4 

93.9 


If 


20.0 

19.5 

20 

96.9 





20.0 

20.1 

39 

100 
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TABLE ll—Concluded 


Sorption and desorption values for various cellulosic materials 


Ti, °C. 

r„ °c. 

% Water 
in sample 

% R.v.p. 
in system 

Tu°C. 

n 

% Water 
in system 

% R-v.p. 
in system 

Sorption 

Desorption 


Bleached sulphite pulp 


mm 

Liquid air 



20 0 

19 0 

21 3 

93 9 

ED 

Solid CO* 



20 0 

18 0 

17 4 

88 3 


and ether 



20 0 

16 0 

13 30 

77 75 


—20 

1 33 

4 24 

20 0 

12 0 

9 46 

59 98 

20 0 

- 6 5 

3 40 

15 11 

20 0 

8 0 

7 44 

45 88 

20 0 

0 0 

4 63 

26 12 

20 0 

2 0 

5 63 

30 2 

20 0 

11 5 

8 08 

58 04 

20 0 

-11 0 

3 94 

10 18 


12 0 

8 48 

59 98 

20 0 

Solid COa 



20 0 

14 0 

9 67 

68 36 


and ether 



20 0 

16 0 

11 45 

77 75 

20 0 

Liquid air 



20 0 

19 0 

19 

93 9 





20 0 

19 5 

23 

96 9 





20 0 

20 1 

33 

100 






TABLE III 


Comparison of data of authors with that of Urquhart and Williams 


Relative 

humidity, 


Water in sample, % 


Standard 

Bleached 

Kodak rag 

Scoured 

% 

cellulose 

surgical cotton 

cellulose 

c otton 

(F and M) 

(F and M) 

(F and M) 

(V and W)* 


Sorption 


4 24 

0 80 

0 99 

0 94 

1 4 

15 11 

2 85 

2 82 

2 60 

2 6 

26 12 

3 73 

3 64 

3 46 

3 5 

58 04 

6 66 

6 44 

6 49 

6 3 

59 98 

6 98 

6 74 

6 77 

6 5 

68 36 

8 01 

7 74 

7 84 

7 5 

77 75 

9 56 

9 24 

9 34 

9 t 

93 9 

15 3 

15 2 

15 4 

14 9 

96 9 

19 0 

19 0 

20 0 

17 6 


Desorption 


93 9 

17 5 

17 5 

17 8 

81 1 

88 3 

14 5 

14 3 

14 5 

14 8 

77 75 

11 55 

11 05 

11 23 

11 3 

59 98 

8 30 

7 92 

7 97 

8 2 

45 88 

6 73 

6 23 

6 26 

6 4 

30 2 

5 07 

4 64 

4 64 

4 6 

10 18 

2 47 

2 52 

I 

2 40 

2 5 


*Data received in private communication from A. K. Urquhart. 
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Discussion 

A method for the determination of the sorption of water vapor on cellulosic 
materials has been described. The new features are greater sensitivity of 
spiral, elimination of all vapors including mercury and air, complete isolation 
of materials examined from contact with anything but water vapor over an 
indefinite period. To amplify the last statement it may be said that it is 
of advantage to subject the cellulosic materials to repeated hysteresis cycles 
in such a manner that the interference of such factors as contact with 
air, etc. is impossible. Finally when various cellulosic materials are to be 
compared the necessity of absolute identity of conditions for purposes of 
comparison is obvious. 

The results obtained with cotton are found to be in agreement with those 
of Urquhart and Williams (Table III). In a paper by Maass and Pidgeon (4) 
the following statement was made regarding sorption measurements on 
wood and cotton:— 

'‘Little of the work which has been done is entirely free from objection. 
In even the most careful determinations of the adsorption by cotton cellulose 
the amount of adsorption was measured indirectly.” This statement is 
certainly erroneous in so far as the work of Urquhart and Williams is con¬ 
cerned. Their results are as nearly correct as it is possible to obtain them. 
On the contrary, the values obtained by Maass and Pidgeon at high relative 
humidities have been shown to be much too low, owing to inexperience 
regarding the time required for equilibrium to be established under these 
conditions. The main object of the paper of Maass and Pidgeon, to show 
the similarity in type of curve (sorption and desorption) between wood and 
cellulose and also to show the markedly greater adsorption by wood, has been 
amply confirmed both by Grace and Maass and the work described in this 
paper. 

It may not be out of place to set forth the reasons why the direct method 
was considered to be the one giving more accurate values. It is probably 
true that in the indirect method the pressure is very rapidly equalized through¬ 
out a 100 cc. volume—so rapidly that sorption proceeds at uniform rate 
throughout the sample. This can be true, however, only in the entire absence 
of air or similar gas. Even a very small quantity of air will be driven by 
flow of water vapor into any pockets where sorption is taking place, and 
here sorption will be delayed by diffusion of vapor in one direction against 
diffusion of air in the opposite direction. In any case the main point is not 
whether sorption should take place at a constant vapor pressure, a phenomenon 
that is of course impossible, because it is necessary to cause a changfe in vapor 
pressure in order to cause sorption. The real point is whether the sample 
reaches its equilibrium by continual sorption in one direction , as compared 
with a part of the sample (whether that part be a part—the outside—of a 
single fibre or all the fibres) in one portion of the apparatus o^er-&aching the 
equilibrium value and then establishing equilibrium from the opposite direc¬ 
tion. From the statement made by Urquhart and Williams (7) it is evident 



10 


CANADIAN JOURNAL OF RESEARCH . VOL. J3, SEC . B. 


that the vapor pressure is temporarily higher than the final value. Even 
assuming that the vapor pressure is equal throughout the space, this can mean 
only that outside layers of cellulose approach equilibrium with this high 
vapor pressure and later lose moisture, which is adsorbed by the inside layers. 
Hence the two portions reach the value from opposite directions. It is 
evident however that sorption is very rapid, since the cotton reduced the 
vapor pressure to 2 mm. although that of the water supply was 23.7 mm., 
but cooling, etc., delayed evaporation. Again, the tap was closed when the 
pressure was 11 mm. (63%), and the pressure sank to 8 mm. (46%). Some 
portion of the cotton must have almost reached equilibrium with the 63% 
relative vapor pressure, and later lost water to such an extent that equilibrium 
with 46% relative vapor pressure was established. The extent of this error 
depends on the size of the step taken and the p >rtion of the curve concerned. 
If steps are small the error is small and this was undoubtedly the case in 
Urquhart and Williams’ work. 

Finally in regard to the foregoing it is left to the reader t) judge the relative 
merits of the direct and indirect methods for measuring sorption on cellulosic 
materials. However, the data at high relative vapor pressures obtained by 
Maass and Pidgeon with cotton* are considerably too low, because time was 
not allowed for true equilibrium to be established, and their statement 
regarding the demerits of the indirect method is regretted. The errors, if 
any, supposed to be inherent in the indirect method, evidently had a negligible 
effect on the results of Urquhart and Williams. 
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*Purification of the cotton sample used by Pidgeon and Maass was not as extensive as in the 
case of the samples examined in this investigation. Continued treatment with alkali (even 1%) 
increases the sorptive power of the cotton until a limiting value is reached. The isotherm obtained 
by Pidgeon and Maass is affine to that of Urquhart and Williams up to a relative humidity of 
70 %, the values being 17% lower in the former case . At relative humidities greater than 70% 
the values are too low as stated above , but differences due to the fact that equilibrium had not been 
established are not as large as would otherwise appear. 
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THE HYDROGENATION OF ALBERTA COALS 

II. COMPARATIVE DATA ON THIRTEEN COALS OF VARIOUS RANKS 
AND TWO SUSPENSION MEDIA, TETRALIN AND 
LIQUID PETROLATUM 1 

By E. H. Boomer 2 , A. W. Saddington 3 , and J. Edwards 4 


Abstract 

Thirteen Alberta coals of graded rank have been hydrogenated in the presence 
of tetralin at 450° C. and in tne presence of liquid petrolatum at 425° C. Tetralin 
is superior to liquid petrolatum owing, it is believed, to its efficiency as a hyd¬ 
rogen carrier and its solvent action on coal. The use of tetralin or materials 
of similar chemical constitution in a commercial process is considered possible, 
and the greater cost of the medium might be more than offset by its greater 
efficiency as con pared ttith the ordinary heavy oils. 

A definite progression from old to young coals has been shown by increasing 
yields of volatile oil, gas and water, and decreasing yields of pitch and coke. 

Conversions of coal to oils, water and gas as high as 96 7% with tetralin and 
81 6% with liquid petrolatum on the dry, ash-free basis have been reported. 


Introduction 


In the first paper of this series (4) the results of a preliminary investigation 
on the hydrogenation of three Alberta coals in various media were reported. 
This work gave evidence enabling a choice of favorable conditions for a more 
comprehensive investigation of Alberta coals. 

, The present paper deals with the hydrogenation of 13 coals of graded rank, 
including all classifications from semi-anthracite to lignite, by two standard 
methods. One series was carried out at 450° C. with tetralin (1,2,3,4-tetra¬ 
il yd ronaphthalene) as suspension medium, and the other with liquid pet¬ 
rolatum as medium at 425° C. Molybdic oxide was employed as catalyst 
in both series. 

The results have confirmed the advantages of a medium such as tetralin, 
and thrown some further light on the mechanism of the reactions. They 
have shown that a hydrocarbon oil, typified by liquid petrolatum, can serve 
also, though less efficiently, as a suspension medium. Finally,The results 
demonstrate the suitability of several Alberta coals for use in the hydro¬ 
genation process in show ing that lignitic coals, and to a lesser extent bituminous 
and sub-bituminous coals, can be converted nearly completely into liquid 
and gaseous products. The result would be important in the event that 
economic conditions warranted the use of the process as a source of oils. The 
primary economic requirements, both cf which are fulfilled in Alberta, are 
sources of suitable cheap coal and hydrogen. 


1 Manuscript received March 20, 1935. * 

Contribution from the laboratories of the University of Alberta , Edmonton , Canada , with 
financial assistance from the National Research Council of Canada and the Research Council of 
Alberta . 

1 Associate Professor of Chemistry , University of Alberta . 

* Research Assistant , Research Council of Alberta , University of Afyerta, 1929-1931 . 
Present address: Solvay Corporation, Solvay, N.Y. * + 

4 Research Assistant , Research Council of Alberta , University of Alberta, 1931-1933 . 
Present address; McGill University , Montreal. 
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Materials and Apparatus 


The series of 13 coals studied were obtained through the courtesy of Prof. 
E. Stansfield of the Research Council of Alberta. They were taken as samples 
in the ordinary course of the 1930 Alberta Coal Survey. A complete des* 
cription and analysis of these coals is given in Tables I and II and in Fig. 1. 

The authors wish to ac¬ 
knowledge gratefully the 
assistance and advice in 
regard to the analytical 
data so generously pro¬ 
vided by Professor Stans¬ 
field and Mr. W. A. Lang 
of the same laboratory. 

The coals have been ar¬ 
ranged in order of matur¬ 
ity, and have been assigned 
letters in order of the 
sequence, in addition to 
their sample number. The 
sequence starts with A, a 
semi-anthracite coal and 
ends with N, a lignite coal. 
The coals showed definite 
trends in three general 
properties through the sequence. First, there was an increase in moisture 
content; second and third, there was a decrease in calorific value and in 
carbon-hydrogen ratio, with decreasing maturity. Fig. 1 shows the proxi¬ 
mate analysis of the coals in graphical form and the position of origin 
of each sample with respect to the eastern face of the Rocky Mountains. 
Samples A and B were taken on the mountain face, C and D in the 
foothills immediately east, E and F about 60 miles east of the mountain 
face; a more or less regular increase in distance from the mountain face 
will be noticed to N, a point 160 miles east. There is an obvious parallel 
between the rank of the coals and their geographical position. A similar 
parallel with regard to ease of hydrogenation has been found. 



E F G H J 
COAL RANK 

Fig. 1. Proximate analysis of dry, ash-free coal , and 
geographic origin of coals, in miles east of Rocky Mountains 
face . 


The samples, stored under water when received, were filtered, ground to 
somewhat less than pea size, and dried in a current of Viking natural gas at 
110° C. and at a pressure of 25 mm. of mercury. This gas, mostly methane, 
was dry and free from sulphur. Immediately after drying, the coal was 
transferred to a ball mill in which it was ground to pass a 100 mesh sieve. 
The coal was used within 24 hr. of its preparation. 

Commercial electrolytic hydrogen, stored in steel cylinders, was used. 
The catalyst jwas in every case molybdic oxide prepared by the dehydration 
of molybdic acid just below dull red heat. 




Coals of 1930 Alberta survey 
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Note:— -FCV VM - ratio of fixed carboy to volatile matter . 
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TABLE II 

Coals of Alberta 1930 survey 


Sample 

Location 

H*0, 

as 

received 

Ultimate analysis, dry basis 

c 

H 

Ash 

S 

N ! 

I 

O 

C/H 

A, 306/30 

Anthracite 

2.2 

80.50 

3.50 

12.0 

1.00 

1.1 

1.9 

23.0 




92.45 

4.00 

- 

0.65 

1.3 

1.6 

23.1 

B. 307/30 

Canmore 

1.4 

85.10 

4.05 

6.0 

0.75 

1.5 

2.6 

21.0 




90.65 

4.35 

- 

0.80 

1.7 

2.5 

20.8 

C, 303/30 

Coleman 

1.4 

81.35 

4.70 

7.3 

0.45 

1.2 

5.0 

17.3 




88.30 

5.15 

- 

0.45 

1.3 

4.8 

17.1 

D, 302/30 

Bellevue 

1.2 

73.45 

5.55 

15.1 

0.60 j 

1.3 

5.0 

16.1 




87.25 

5.60 

- 

0.45 | 

1.5 

5.2 

15.6 

E, 305/30 

Pincher Creek 

3.3 

76.10 

4.75 

10.1 

1.15 

0.7 

7.2 

16.0 




84.70 

5.55 

- 

0.45 j 

1.2 

8.1 

15.3 

F. 304/30 

Lundbreck 

4.9 

70.55 

5.00 

13.9 

0.85 

1.9 

7.8 

14.1 




83.30 

6 00 

- 

0.60 

2.3 

7.8 

13.9 

G, 301/30 

Lethbridge 

9.8 

70.15 

4 80 

10.8 

0 75 

1 8 

11 7 

14.6 




79.10 

5.35, 

- 

0 55 

1.9 

13.1 

14.8 

H. 308/30 

Champion 

12.9 

70.90 

4.80 

7.7 

0 40 

1.3 

14.9 

14 8 




78.65 

5.30 

- 

0.35 

1.3 

14.4 

14.8 

J. 309/30 

Taber 

15.0 

69.95 

4.75 

8.8 

1.10 

1.7 

13.7 

14.7 




77.40 

5.15 

- 

0 65 

2.0 

14.8 

15 0 

K, 310/30 

Grassy Lake 

18.8 

67.85 

4 65 

10.6 

1.20 

1.4 

14.3 

14.6 




76.70 

5 10 

- 

0 90 

1.9 

15.4 

15.0 

L, 311/30 

Winnifred 

22.6 

68.30 

4.40 

10 0 

0 60 

1 3 

15 4 

15.5 




74 90 

5.20 

- 

0.70 

1 4 

; 17.8 

14.4 

M, 313/30 

Redcliff 

26.6 

67.65 

4 35 

10.4 

0.50 . 

0 8 

■ 

16.3 

15.6 




73.10 

5.15 


0.55 

1.1 

20.1 

14.2 

N, 3U/30 

Eagle Butte 

30.3 

60.70 

3.95 

12.2 

0.35 

1.2 

21.6 

15 4 




71.65 

5.15 


0.40 

1.1 

21.7 

13.9 


Note :—Ultimate analysis—dry basis in first line - dry, ash-free basis , taken from curves , in 
second line—for each coal . 


Two suspension media were used, tetralin and a paraffin oil fraction of 


medicinal grade known as 
1,2,3,4- isomer and of the 
grade supplied by East¬ 
man (b.p. 202-204° C.). 
The results of the A.S.T.M. 
distillation of the liquid 
petrolatum are given in 
Table III. 

The apparatus, consist¬ 
ing of the storage system, 
autoclave, and auxiliary 


liquid petrolatum, B.P. The tetralin was the 
TABLE III 

A.S.T.M. DISTILLATION OF LIQUID PETROLATUM 


Initial boiling point 152° C. 

10% over at 327° C. 

20% over at 345° C. 

30% over at 357° C. 

40% over at 365° C. 

50% over at 371° C. 

60% over at 376° C. 


70% over at 380° C. 
80% over at 385° C. 
90% over at 395° C. 


3 

91 


% over at 300° C. 
^ over at 400° C. 
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equipment, has been described in detail (3), Pressure measurements were 
made with a Bourdon tube gauge calibrated at intervals with a standard 
test gauge. Temperature measurements, made with a calibrated iron-con- 
stantan thermocouple, were indicated on a recording potentiometer controller. 
The instrument permitted control to within ±5° C. 

Gas analyses were made with an improved type of Bureau of Mines ap¬ 
paratus. 

Experimental Procedure 

Approximately 200-gm. samples of the dry powdered coal were mixed with 
the desired quantity of suspension medium and 5% by weight of molybdic 
oxide was thoroughly incorporated with the mixture. One hundred and 
fifty grams of tetralin was found to produce a sufficiently fluid charge, but 
200 gm. of liquid petrolatum was required. The resulting paste was trans¬ 
ferred to the autoclave, the weight added being accurately determined, the 
apparatus sealed gas-tight and, after washing out the air with natural gas, 
hydrogen added to give the desired initial pressure. Oscillation was started 
when the autoclave reached a temperature of about 100° C. The reaction 
mixture reached 425° C. in 2\ to 2f hr., and 450° C. in 2f to 3 hr. The reac¬ 
tion chamber was maintained at the desired operating temperature for a 
period of four hours, during which a steady decrease in pressure indicated 
a corresponding absorption of hydrogen. No attempt was made to counteract 
♦the possible catalytic effect of the steel walls of the autoclave. 

At the end of the four hour interval, heating was stopped and the auto¬ 
clave allowed to cool overnight. The residual gases were bled through the 
expansion valve the following morning and led through activated charcoal 
absorbers, after which they were measured in an oil-filled wet-test meter 
More storage in a water-sealed gas holder. The gas was allowed to stand 
until it was of uniform composition, and a sample was drawn off for analysis. 
The increase in weight of the charcoal absorbs was noted and the spent 
absorbent revivified by steam distillation. The yield of condensable products 
•was noted and the gas volume measured in most instances. 

The autoclave was recharged with hydrogen and a second cycle completed 
in a manner identical with that described above. The reaction chamber 
was then opened and the contents withdrawn as rapidly as possible, weighed 
and transferred to a glass-stoppered vessel. In spite of the precautions 
taken the volatile nature of some of the constituents of this mixture resulted 
in high evaporative losses. The reported oil yield is consequently low in all 
experiments. In the experiments in which liquid petrolatum was used, a 
hard brittle coke adhering to the walls of the autoclave and wffiich 'vPas removed 
with difficulty was often encountered. The estimated loss of solid products 
in such cases was 10 gm 

The yield of solid and liquid products was estimated in the following 
manner. The oily mass from the autoclave was filtered by suction and the 
residual solids washed with ether and subsequently dried and weighed. The 
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weight of dried coke less the weight of catalyst used thus represented the 
solid residue from the coal, together Nvith any coke formed in the decom¬ 
position of the charge. In this way the oil yield was determined as the 
difference between the total weight of reaction products extracted from the 
autoclave and the dried solid residue. 

The filtrate from the ether washing was distilled to recover the ether, the 
distillation residue being added to the oil obtained by filtration. The com¬ 
bined oils were then subjected to distillation analysis. The first fraction, 
that boiling below 175° C\, usually contained a large amount of water. The 
yields of oil and water were recorded separately. The second and largest 
fraction was that distilling between 175 and 225° C\, and, in the experiments 
in which tetralin was used, included all the tetralin as well as any decalin or 
naphthalene formed. The final fraction, taken up to 300° C., was small 
and included a reddish, viscous oil of evident lubricating value. On occasion 
wax-like crystals were obtained at about 280° t\ The residue from the dis¬ 
tillation was a stable pitch boiling at temperatures as high as 450° (\ without 
decomposition. The consistency of the pitch depended upon the coal and 
the medium used. The pitch was of particular interest in that it closely 
resembled the residues obtained from distillation analyses of the products of 
hydrogenation of bitumen from the McMurray bituminous sand deposits (3). 
The distillation data of oils obtained in the experiments lining liquid pet¬ 
rolatum when plotted gave a smooth curve showing no evidence of particular 
fractions. The water content was lower and the yield of pitch was con¬ 
siderably higher than they were when tetralin was used. The pitch was much 
softer than that obtaine 1 in the tetralin series. 

The yield of gaseous products and the hydrogen absorption were calculated 
from gas analyses and total gas volume data. In estimating the amount 
of hydrogen absorbed, two procedures were used. In the petrolatum series 
it was assumed that both the medium and the coal were reduced, but in the 
tetralin series the absorption of the hydrogen was attributed to the coal alone. 

It is uncertain how much hydrogen was absorbed by the medium, but it is 
probable that it was considerably less with tetralin than in the experiments 
with petrolatum. Lush (10) has shown that tetralin is the final product of 
the hydrogenation of naphthalene at much lower temperatures, and Hall (5) 
has found that little production of low boiling material occurs under com¬ 
parable conditions up to 400° C. However, Hall found considerable produc¬ 
tion of low boiling material but little of decalin or naphthalene when tetralin 
was hydrogenated at 450° C. Hall gives data on hydrogen absorption for 
naphthalene only, but on the basis of his tabulated pressure changes and gas 
compositions in comparable experiments with naphthalene and tetralin, the 
absorption with tetralin is less than one-half that with naphthalene. Com¬ 
paring with the experiments reported here, a maximum absorption by the 
medium of^2.5% by weight may occur. Under the rtiore complex con¬ 
ditions obtaining when coal is a competitor for a limited supply of hydrogen* 
a much smaller absorption of hydrogen by the medium may be expected. 
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Results and Discussion 

Hydrogenation in the Presence of TetraUn 

The results obtained in the hydrogenation of the 13 coals are presented 
in Table IV. For the most part the data will need no interpretation but it 
will be well to define precisely some of the expressions used. 

The amount of hydrogen absorbed is given as percentage by weight of the 
coal put into the autoclave. The gas yield in litres per kilogram of charge 
is calculated on the same basis, and is derived from the volume of gas, less 
hydrogen, removed from the autoclave. The percentages converted to gases, 
liquids and solid residue are based on the total charge, including the catalyst, 
and for this reason the figures given for the solid residue recovered include 
the catalyst. The percentage loss is thus the difference l>etween 100 and the 
sum of the percentages of the recovered products. The values for the gas 
analysis arc averages of those for each cycle, account being taken of the gas 
volumes in each case. The figures on total conversions are obtained by sub¬ 
tracting the weight of the solid residue removed from the autoclave, not includ¬ 
ing catalyst, from the dry coal charged. They thus represent the percentage of 
the coal converted to oil, gas and water. To calculate the conversion of the 
coal on the basis of dry, ash-free coal it is necessary only to divide these 
figures by the difference between one and the fraction of the dry coal that is 
ash. Conversions on the basis of dry, ash-free coal are consequently higher. 

The distillation analyses have been included in order to show the percentage 
conversion of the total charge to oils in the respective boiling ranges cited. 
The loss shown at the end of this section represents the distillation losses 
only. The total oil and water distillate to 300° C. plus the yield of residual 
pitch, plus the distillation loss, adds up to the total conversion of the charge to 
liquid products. 

The results in Table IV indicate clearly the definite progression in suscep¬ 
tibility to hydrogenation from old to young coals. Numerous small dis¬ 
crepancies will be noted but for the most part these are within the experimental 
error. The hydrogen absorption increases roughly from 3.9 to<4.4% for 
anthracite coals to an average value of 6 0% for domestic coals. In this 
respect Experiment 165 on Coal L-311 represents an interesting departure 
from the normal. It will be noted that the initial pressure of hydrogen was 
low. Hence it may be suggested that the extent of reaction depends on the 
concentration of hydrogen to some extent. 

'The discrepancy in Experiment 161 on Coal J-309 is not large and probably 
within experimental error. The remaining experiments fall into a fairly 
normal progression from the point of view of hydrogen absorption. 

In agreement with this tendency to increased hydrogen absorption, an 
inspection of the pressure-time relations indicates that the rate as well as 
the amount of hydrogen absorption also increases as the age of the coal 
decreases. In Fig. 2, the pressure-time relations are given for the first 
cycles of experiments conducted with representative coals of various rank. 
The temperature reached 450° C. in about three hours or less. The rate of 
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Hydrogenation of Alberta coals in the presence of tetralin 
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reaction some time after hydrogenation has begun is indicated by the down¬ 
ward slope of the curve, and the total drop in pressure is a rough measure of 


the amount of hydrogen absorbed. 



* Fig. 2. Pressure-time relations , first cycles 
tetralin medium . I-Semi-anthracite, A ; 2-bitu 
minous, C; 3-sub-bituminous, G; 4-domes tic, J 


coals are arranged in descending 
order of maturity. The exact rela¬ 
tion of temperature of plasticity 
and the initial stages of hydro¬ 
genation has received the attention 
of Arend (1). 

Fig. 3 presents the pressure¬ 
time relations of the second cycle 
of experiments on the same four 
coals with which the results shown 
in Fig. 2 were obtained. It will 
be noted that a higher temperature 
is required for hydrogenation to 
take place when a coal has previ¬ 
ously been attacked by hydrogen. 
Apparently the less stable con¬ 
stituents become hydrogenated in 
the first cycle. It is further evi¬ 
dent from these curves that the 
residues after the first cycle are 
more nearly alike than were the 


Thus, for an anthracite coal the rate 
of reaction is low and the total ab¬ 
sorption is small. For bituminous 
and sub-bituminous coals the rate of 
reaction appears to be much the same, 
but the younger coal exhibits a much 
greater absorption. The extremely 
rapid absorption of hydrogen by 
domestic coals is clearly illustrated 
in the fourth curve. 

A similar analysis was made of 
the pressure-temperature relations in 
these four experiments and it was 
noted that the temperature at which 
hydrogenation begins, as shown by 
changing curv ature and heat evolu¬ 
tion, decreased regularly from about 
400° C. for semi-anthracite to less 
than 300° for domestic coal. Layng 
(9) has pointed out that a decrease 
• in the temperature of plasticity of 
coals becomes apparent when the 



Fig 3. Pressure-time relations, second cycle, 
tetralin medium. Coals as in Fig. 2. 
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original coals. This evidence is of importance in the application of 
hydrogenation to a continuous process. It appears that under the con¬ 
ditions most suitable for partial hydrogenation of fresh material the 
reaction is not complete, and more drastic conditions are necessary to 
obtain further reduction. The use of a higher temperature in the first 
cycle would lead to the formation of excessive amounts pf gas and coke. 
Thus the evidence shows that satisfactory results, with particular regard 
to speed of reaction, would be obtained in continuous operation if apparatus 
designed for successive treatments at higher temperatures were used. 

A further inspection of Table IV shows a definite increase in gas production 
as the coals decrease in age. Coincident with this is the tendency toward 
the development of higher maximum pressures, Analysis of the exit gases 
shows a pronounced increase in the carbon dioxide and carbon monoxide 
yields. The extent to which the coals became oxidized during milling and 
storing is difficult to estimate. The susceptibility to oxidation that is charac¬ 
teristic of young coals may account, in some measure, for the increased produc¬ 
tion of oxygenated compounds. < 

Paralleling this tendency to increased yields of carbon monoxide and 
carbon dioxide, the formation of water takes place to a greater extent with 
younger coals. It is probable that water is formed by reduction and decom¬ 
position of oxygen-containing groups such as hydroxyl in the coal. This 
subject will be more fully discussed later. 

From Table IV it is further apparent that there is a general tendency toward 
increased mechanical losses with decrease in age of the coals. This may be 
taken as indicating an increasing conversion to low-boiling oils. Appreciable 
amounts of propane, butane and other volatile hydrocarbons appeared in 
the charcoal absorbers, and this, with the excessive amounts of carbon dioxide 
formed in the combustion analyses of the residual gases, further supports 
this view. 

Though numerous small discrepancies are apparent there is a tendency 
toward a decrease in residual hydrogen with decreasing maturity of the coals. 

In general the relative conversions to light oil, gas and water increase at 
the expense of the pitch formation, with decreasing maturity of the coals. 

Two experiments on domestic coals (Experiments 165 on L-311 and 167 
on M-313) were characterized by the appearance of considerable naphthalene 
in the reaction products. This would suggest that the reaction was incom¬ 
plete after eight hours of operation. As has been previously mentioned, the 
initial hydrogen pressure in Experiment 165 was quite low. The formation 
of naphthalene in spite of the appreciable quantity of hydrogen present in¬ 
dicates the effective reducing action of tetralin. 

Fractionation of the 175-225° C. fraction was carried out in a few cases 
with the lower-rank coals. Between 192 and 215° C. at 700 nun. pressure 
there was a halt in the temperature-volume curve while 60% to 70% of the 
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fraction came over, the last portions being naphthalene. Assuming this 
material to be tetralin, decalin and naphthalene, the recovery of medium 
was between 40 and 50% of the initial quantity used. The loss may be 
assigned to the decomposition of tetralin into low-boiling products. 

A study of the data from the point of view of oil yield alone suggests that 
low grade bituminous or sub-bituminous coals are the most suitable for the 
process. The ease of hydrogenation and lower cost of domestic coals may 
be so favorable, however, as to make them the more suitable coals in spite 
of the higher water and gas production. The evidence is not conclusive. 

Hydrogenation in the Presence of Liquid Petrolatum 

Though the l>ehavior of the coals upon hydrogenation in a liquid petro¬ 
latum medium was in general the same as that in tetralin, the conversions and 
general efficiency of the process were definitely poorer. 

The results of this series of experiments are shown in Table V. The lines 
have the same significance as in Table IV, excepting “Hydrogen absorbed”. 
It will l>e noted, however, that larger amounts of suspension medium were 
used, and that the hydrogen absorption was lower than that with the tetralin. 
This is due in part to the method of calculation, in which the whole charge 
w r as considered. Furthermore, these experiments were made at 425° C. as 
compared with 450° with tetralin. The reason for this lies in the greater 
stability of tetralin to heat. Extensive decomposition of liquid petrolatum 
takes place at 450° C. with the formation of gas and coke. It was not possible 
to determine what part of the gas and solid residue production in these 
experiments could be attributed to the medium. 

An inspection of the table shows the expected increase in gas production 
and in maximum reaction pressures with decrease in maturity of the coal. 
The exception in Experiment 152 on Coal C-303 cannot be explained on the 
grounds of technique. The exit gas was unusually low in hydrogen. The 
excessive gas yields in Experiments 164 with Coal K-310 and 166 with Coal 
L-311 may be attributed to a higher temperature of operation. The former 
experiment got out of control and the temperature rose to 440° C. for a 
short time. Experiment 166 was also out of control and the temperature 
rose momentarily to 470° C. and was greater than 430° for 45 min. The ex¬ 
cessive coke yield and low' conversion to liquids that occurred in this experiment 
may also be attributed to the high operating temperature. More reliable data 
regarding the coal may be obtained from Experiments 163 and 165 of the 
tetralin series. 

* 

From Table V the same conclusions regarding high evaporation losses and 
high conversion to low-boiling oils and water may be drawn as in the tetralin 
series. It will be noted that in gerieral the formation of water in this series 
of experiments is decidedly lower than that in the tetralin se$9»» hut the car¬ 
bon dioxide formation is much the same. 



TABLE V 

Hydrogenation of Alberta coals in the presence of liquid petrolatum 
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Figs. 4 and 5 represent the pressure-time relations of the first and second 
cycles of experiments conducted with four typical coals, three of which corre¬ 
spond to those with which the results shown in Figs. 2 and 3 were obtained. 
It will be seen that again hydrogen absorption is greatest and most rapid 
with domestic coals. Sub-bituminous and bituminous coals exhibit appre¬ 
ciable absorption, though the reaction rate is lower than that of domestic 
coals, and the slight effect of hydrogen on anthracite coal is again brought out. 



Fig. 4. Pressure-time relations , first cycle , 
liquid petrolatum medium. 1-Semi-anthracite, A; 
2-bituminous, C; 3-sub-bituminous , G; 4-domes¬ 
tic , H. 



' w 2 3 4 5 4 

TIME, HR 

Fig. 5. Pressure-time relations , second cycle, 
liquid petrolatum medium . Coals as in Fig, 4, 


Yields of oil, gas and water as 
high as 75% from a domestic coal 
under the conditions employed 
indicate that heavy petroleum oils 
such as liquid petrolatum might 
be suitable vehicles in which to 
suspend the coal. It is to be 
expected that conditions, differing 
for each coal, could be found such 
that higher conversions would take 
place, but the procedure in this 
investigation was standardized so 
as to form a basis for comparison 
of the coals studied 

As was the case with the tetralin 
series, the evidence of these ex¬ 
periments suggests bituminous or 
lower grade coals as most suitable 
for the process. A definite choice 
requires a study of costs, and 
additional experiments for the pur¬ 
pose of ascertaining optimum con¬ 
ditions for each grade of coal. 

Comparison of Tetralin and Liquid 
Petrolatum as Suspension Media 

The definite superiority of tetra¬ 
lin as a suspension medium for coal 
is shown by higher hydrogen ab¬ 
sorption and lower coke formation 
than* occurs in the petrolatum 
series. 

Carbon dioxide production is 
much the same with both solvents, 
indicating no special tendency of 
tetralin to aid in^ftie decomposi¬ 
tion of carboxyl groups in the coal. 
Water formation is definitely 
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greater in the tetralin series and indicates reduction of oxygenated 
compounds which are not reduced by hydrogen with a liquid petrolatum 
medium. 

The formation of ammonia in certain experiments in which tetralin was 
used indicated the reduction of nitrogenous material, whereas the absence 
of ammonia as a product of reaction in any of the experiments of the pet¬ 
rolatum series showed that a milder reduction had taken place. Ammonia 
formation in the tetralin may be due, however, at least in part, to the higher 
operating temperature employed. A comparison of the two media may be 
made from the data of Table VI. 

TABLE VI 

Comparison of liquid petrolatum and tetralin as suspending media 


Coal 

Liquid petrolatum 

Tetralin 

1 Oils and gas | Water | 

Total 

Oils and gas | Water 

| Total 

Conversions 

on basis of dry coal 





A 

7 1 


7 1 

10 8 


10 8 

B 

9 3 


9 3 

32 3 


32 3 

C 

38 0 

2 8 

40 8 

64 1 


64 6 

D 

37 7 


37 7 

7* 4 

■Ift 

73 5 

E 

44 1 

3 8 

47 9 

74 7 


77 0 

F 

45 9 

4 4 

50 3 

79 0 

1 0 

80 0 

G 

47 8 

7 8 

55 6 

69 7 

10 8 

80 5 

H 

53 9 

7 1 

61 0 

72 6 

8 7 

81 3 

j 

54 5 


61 8 

79 0 

7 4 

86 4 

k 

53 8 


63 0 

72 9 

13 4 

86 3 

L 

36 9 

■ns 

46 9 

67 8 

15 2 

83 0 

M 

50 9 

6 6 

57 5 

77 7 

10 0 

87 7 

N 

60 3 

14 3 

74 6 

72 9 

15 1 

88 0 

Conversions on basis of dry, ash-free coal 

A 

8 0 

0 0 

8 0 

12 2 

0 0 

12 2 

B 

10 1 

0 0 

10 1 

34 9 

0 0 

34 9 

C 

42 5 

3 1 

45 6 

71 7 

0 6 

72 3 

D 

43 6 

0 0 

43 6 

84 9 

0 1 

85 0 

E 

49 9 

4 3 

54 2 

84 1 

2 9 

87 0 

F 

52 7 

5 0 

57 7 

90 9 

1 1 

92 0 

G 

53 8 

8 8 

62 6 

78 6 

12 1 

90 7 

H 

59 1 

7 8 

66 9 

79 7 

9 6 

89 3 

j 

60 1 

8 0 

68 t 

86 9 

8 2 

95 1 

k 

59 9 

10 0 

69 9 

80 5 

15 2 

95 7 

L 

40 4 

11 0 

51 4 

74 5 

16 7 

91 2 

M 

56 1 

7 3 

63 4 

85 7 

11 0 

96 7 

N 

66 0 

15 6 

81 6 

79 9 

16 3 

96 2 


The columns in Table VI are self-explanatory and the data serve to show 
quite clearly the effect# of the two media. A rapid comparison may be made 
by consulting Fig. 6, in which the degree of hydrogenation is shown graph¬ 
ically. In this diagram the conversion of coal in all cases represents percentage 
converted to gas, oil and water, and is calculated from the residual solid 
material. The large discrepancy in the results for Coal L in the petrolatum 
series has $*en mentioned earlier, and is due to the high temperature at 
which hydrogenation took place. 
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The ultimate analyses of the dry* ash-free coals also have been recorded 
in Fig. 6. It will be seen that, in general, the extent of hydrogenation parallels 
roughly the oxygen content of the coal, and changes inversely with the carbon 
content. This fact was recognized by Bergius (2), who, in this connection, 

predicted that coals contain¬ 
ing more than 85% carbon 
were not amenable to hydro¬ 
genation. Thus, of this series, 
Coals A-E inclusive should 
not be susceptible to hydro¬ 
genation. However, it was 
found that Coals C, D and E 
were quite susceptible to hy¬ 
drogenation and appreciable 
reduction of Coals A and B 
also occurred. 

The effective action of 
tetralin as a medium com¬ 
pared to other substances 
has been attributed previ¬ 
ously (3) to a hydrogen carry¬ 
ing action. These earlier 
results showed clearly that 
tetralin can hydrogenate coal 
in the absence of free hydro¬ 
gen, with the resulting forma¬ 
tion of naphthalene. In fact, 
naphthalene is produced in 
amounts that increase with a 
decreasing supply of gaseous 
hydrogen. It is reasonable to 
assume that the mechanism 
is the same in all cases, that the tetralin hydrogenates the coal and that 
the hydrogen reduces the resulting naphthalene to tetralin. 



It has been fairly well established that, in destructive hydrogenation 
processes, four reactions predominate; a thermal decomposition of complex 
bodies to form unsaturated fragments, a hydrogenation or stabilization of 
these fragments, a decomposition and polymerization of these fragments to 
form coke and gas and hydrogenation of phenolic bodies with the production 
of water. Waterman and Perquin (13, 14) in working with paraffin wax were 
led to the theory that the function of the hydrogen was, primarily, that of 
stabilizing unsaturated fragments by prevention of dehydrogenation. The 
fragments were themselves stable. Kling and Florentin (8) ail Tropsch (12) 
do not support this and suggest that the hydrogen reduces the unsaturated 
fragments to form saturated stable bodies. The hydrogenation equilibrium 
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is favored by low temperatures, and the decomposition and polymerization 
reactions resulting in coke and gas formation are favored by high temperatures* 
Moreover, the latter reactions tend to go to completion (7,14). The function 
of the catalyst may be said to be the promotion of decomposition at low temper¬ 
atures at which hydrogenation can proceed to an extent sufficient to reduce 
all or most of the unsaturated fragments. 

The evidence of the work in this laboratory on tetralin and other media 
is in substantial agreement with the second mechanism. A significant modi¬ 
fication in the mechanism is suggested, however. It is suggested that the 
function of the medium is the reduction of the unsaturated fragments or 
bodies, and the function of the hydrogen is the maintenance of the medium in 
the reduced state. 

The Oxygenated Compounds in the Hydrogenation of Coal 

Parr and Hadley (11) investigated the oxidation of coal and found that the 
combined oxygen was liberated as carbon dioxide upon thermal decomposition 
of the coal. It is thus reasonable to suppose that carborf dioxide is a product, 
to some extent, of thermal decomposition rather than of the specific action 
of hydrogen. This would account for the production of carbon dioxide in 
comparable amounts in the two series of experiments. 

The formation of water is due in a large measure to hydrogenation of 
phenolic bodies in the coal (12). Examination of Table VI reveals that in 
general water is produced to a greater extent in the tetralin series. Two 
theories may be suggested to account for this. 

Increased water formation in the tetralin series may be attributed to the 
higher temperature of operation throughout, resulting in a decreased stability 
of the phenolic substances. This theory is substantiated by the excessive 
water yields reported in those experiments of the petrolatum series in which 
the temperature of the reaction chamber rose above 430° C. For example, 
Experiment 164 with Coal K-310 was out of control and the temperature 
rose to 442° C. The water yield in this case was 4.6%. In Experiment 166 
with Coal L-311 the temperature rose to 470° C. and the yield of water was 
5.0%. Experiments with other domestic coals resulted in water yields 
averaging 3.5% (neglecting Coal N-312, of lignitic character). In these 
experiments the temperature did not rise above 430° C. 

The alternative theory may be stated with some evidence in its favor. It 
is the view that excessive water yields are produced by hydrogenation of 
phenolic bodies which would otherwise remain unattacked, the action being 
attributed to the efficient manner in which tetralin itself will act as a hydro¬ 
genating agent In view of the fact that operation at 450° C. caused a 
water yield of 8.7% in Experiment 165 on Coal L-311 of the tetralin series, 
a yield much -higher than the 5.0% reported in the corresponding liquid 
petrolatum experiment in which the temperature reached 470° C., it may be 
concluded that tetralin has a specific action. 
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It is probable that both temperature and medium affect the water yield. 
Unfortunately, definite information would depend on experiments which have 
not been made, viz., experiments involving equal temperatures of operation 
for the two media, and ultimate analyses. 

The mechanism of reactions involving the production of carbon monoxide 
is more obscure, and no justifiable conclusions may be drawn from the data 
presented. It may be remarked, however, that reduction of carboxyl groups 
by successive stages would produce aldehydes which, according to Hurd (6), 
decompose readily to give carbon monoxide and a hydrocarbon. Such a 
source is not improbable and would fit the observed facts. 
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STUDIES ON LIGNIN AND RELATED COMPOUNDS 

XII. METHANOL LIGNIN 1 
By Fritz Brauns 2 and Harold Hibbert* 


Abstract 

Methanol lignin was prepared by extracting spruce wood meal with absolute 
methyl alcohol, using hydrochloric acid as catalyst. In five small, bomb-tube 
experiments, methanol lignin preparations having the same methoxyl content 
(about 21 6%) were obtained, the product in each case being apparently homo¬ 
geneous. The methanol lignin was acetylated, partially methylated by treat¬ 
ment with diazomethane, and fully methylated with dimethyl sulphate and 
sodium hydroxide. From the elementary analyses and the ratio of methoxyl 
in the original methanol lignin to that in the diazomethane-methylated 
compound a formula for the smallest building unit of the methanol lignin and 
for the native lignin can be derived The latter is represented by the empirical 
formula C^H^Oie, or, expanded, CuHwOdOCHa^fOH \ 


Introduction 

The method of isolating lignin from wood by mdans of hydroxylic com¬ 
pounds in presence of catalysts, such as hydrochloric acid, has been used by 
a number of investigators during the past 15 >ears. Gruss (11, 12) was 
apparently the first to show that lignin could be isolated from wood by 
heating the latter with alcohol and hydrochloric acid. Later, Hagglund 
(13-15) applied this same principle, and using a variety of alcohols (methyl, 
ethyl, amyl) claimed to show that the resulting lignin derivatives were 
“acetal” derivatives, although no definite proof of this theory was submitted. 

Hibbert and co-workers (16, 17) carried out a series of investigation** on 
“glycol lignin” and “glycol monomethyl ether lignin” in which the extraction 
media were glycol and glycol monomethyl ether respectively. The first 
method was used independently by Rassow (18-20), and the second, by 
Fuchs (9). Friedrich and co-workers (7, 8) and Campbell (3) employed 
ethyl alcohol as the extraction medium. In all cases a product is obtained 
which contains, depending on the solvent used, the alkyl or the aryl group 
in ether-like combination with the lignin. In the case of both the lower 
aliphatic alcohols and of glycol or glycol monoalkyl ethers, the methoxyl 
value as determined by the standard procedure is influenced by the presence 
of these groups; on the other hand, the use of phenol as extraction medium 
gives rise to more complicated lignin derivatives formed as the result of 
nuclear condensation of the phenol with the lignin molecule (2). In view 
of this, it seemed advisable to investigate further the use of methyl alcohol 
as proposed previously by Friedrich (7, 8). The reaction between the 
methyl alcohol and lignin would be indicated by the higher value of the 
methoxyl content. The mechanism of the reaction is not clear (4, p. 125). 
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H&ggiund (13) has suggested that the products are acetals. Since, however, 
they do not undergo hydrolysis with dilute mineral acids, it is evident that 
this view is incorrect. In an earlier investigation (10, 16) it was found 
that, on extracting spruce wood meal with ethylene glycol monomethyl ether, 
the methoxyl content of the resulting lignin derivative, calculated on the 
basis of a molecular weight of about 850, had increased by an amount cor¬ 
responding to approximately one methoxyl group, thus indicating that at 
least one molecule of glycol monomethyl ether had reacted with the lignin. 

As shown in the present paper, extraction of spruce wood meal with absolute 
methanol yields a methanol lignin in which an additional methoxyl group 
has been introduced, so that on treatment with hydriodic acid an additional 
amount of methyl iodide is evolved. 

When bone-dry wood meal, previously freed of fats, waxes, resins and 
water-soluble carbohydrates, is heated in a bomb tube with methyl alcohol 
containing 2% of hydrogen chloride in a tilting-oven at 85-90° C. for about 
100 hr., 50°/, of the wood meal dissolves and from this a methanol lignin 
with a methoxyl content of 21.6% can be isolated. Lignin which has been 
isolated according to Freudenberg’s method (5, 6) and which may be con¬ 
sidered as closely related to unchanged native lignin, has a methoxyl content 
of 17.4% (4, p. 125). The increase of approximately 4% in the methoxyl 
content of methanol lignin, as compared with the methoxyl content of Freuden- 
berg lignin, would seem to be due to the entrance of new methoxyl groups 
into the lignin molecule as a result of the reaction between the lignin and 
the methanol. 

Methanol lignin is soluble in sodium hydroxide solution, from which it is 
reprecipitated on the addition of a mineral acid or even carbon dioxide, indi¬ 
cating the presence of a phenolic hydroxyl group. This is confirmed by the 
behavior of the methanol lignin towards diazomethane. On treatment with 
this reagent in dioxane solution a strong evolution of nitrogen takes place. 
The solution changes in color from dark brown to a light brownish-yellow,, 
and a methylated product insoluble in sodium hydroxide and having a meth¬ 
oxyl content of 24.8% is formed. In addition to this weakly acidic hydroxyl 
group, other hydroxyl groups are present as shown by the acetylation of the 
original methanol lignin and of its diazomethane-methylated derivative. 
The acetyl derivatives are no longer soluble in alkali solution. 

The* presence of free hydroxyl groups in methanol lignin is also shown by 
the formation of a methylated derivative on treatment with dimethyl sulphate 
and sodium hydroxide, the fully methylated methanol lignin formed by this- 
treatment having a methoxyl content of 32.3%. 

Based on the original methoxyl values of the methanol lignin (21.6%) 
and the diaxomethane-methylated product (24.8%), the nunri»er of methoxyl 
groups in the smallest lignin building-unit can be calculated If It be assumed 
that only one methoxyl group is formed as a result of methyiatlon with. 
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diazomethane. If x represents the molecular weight of the original methanol 
lignin and y the number of the methoxyl groups, the percentage of methoxyi 
is given by 


31 02 X y X 100 
x 


21 . 6 , 


and for the diazomethane-methylated methanol lignin the value is repre¬ 
sented by 


31 02 (y + 1) X 100 
* + 14 


24 82, 


from which y is found to be 6.05, and x to be 861. 


In other words, methanol lignin contains (on the basis of one new methoxyl 
group formed by the action of diazomethane) six, and the diazomethane- 
methylated product seven, methoxyl groups, a result in agreement with that 
shown in an earlier paper (1). It must, however, be emphasized that these 
calculations are based on the assumption that the original methanol lignin is 
a homogeneous product. In the bomb-tube experiments described below, 
in which only small amounts could be prepared, a single product only, insoluble 
in ether, was obtained. Owing to lack of sufficient material no other fraction¬ 
ation experiments could be carried out. As will be shown in a later paper, 
however, when methanol lignin is prepared on a larger scale in an autoclave, 
the crude methanol lignin can be separated into two fractions, namely, an 
ether-insoluble and an ether-soluble, having methoxyl contents of 21.5 and 
24.4% respectively. A detailed examination of the two products, their 
acetylated diazomethane-methylated and fully methylated compounds, is 
at present being carried out with the object of obtaining more precise infor¬ 
mation regarding the size of the methanol lignin building-unit. 


The formula for methanol lignin is therefore, as shown in the earlier paper, 
C«H w O.(OCH 3 ) 5 (OH)<(OCH 3 ), and for native lignin, C4 2 H K 0 6 (()CH i ) 6 (OH) 6 . 


Experimental 

Preparation of Methanol Lignin 

Spruce wood meal (25 gm., 100 mesh), dried to constant weight under 
reduced pressure at 50° C. over phosphorus pentoxide, was heated in a sealed 
glass bomb tube with 200 cc. of absolute methanol containing 2% of anhydrous 
hydrochloric acid in a tilting oven at 90-100° C. for 80 hr. The tube was 
cooled to — 15°C. When the tube was opened, a pronounced evolution of 
gas, presumably methyl chloride, or dimethyl ether, was observed. A slight 
smell of formaldehyde was also detectable. The reaction product was centri¬ 
fuged, the residual wood meal washed with a mixture of acetone and methanol 
(1 : 1) and dried in a desiccator over sulphuric acid. The weight was 12.3 
gm., indicating that of the original wood meal had been dissolved. The 
combined, methanol and acetone solutions were concentrated under reduced 
pressure to,a volume of about 20 cc. and then added dropwise in a very fine 
stnMgk^ $00 cc. of well stirred distilled water containing a trace of sodium 
The lignin precipitated, in general, as a flocculent material but 
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occasionally remained in colloidal solution. In the latter case it was stirred 
with a few drops of concentrated sodium sulphate solution which brought 
about coagulation. The methanol lignin was separated by centrifuging, 
and finally by filtering through a Buchner funnel. It was washed with distilled 
water until it was free from sulphate and no longer reduced Fehling’s solution. 
The slimy, chocolate-brown colored product was dried in a desiccator over 
sulphuric acid. Yield, 1.8 gm. or 25% of the total lignin present in the 
original spruce meal. Analysis of the product from three different experi¬ 
ments gave OCHa, 22.0, 21.8, 21.6%, respectively. 

Purification of the Methanol Lignin 

The methanol lignin was dissolved in sufficient anhydrous dioxane to form 
a 10% solution and then reprecipitated by adding the solution dropwise to 
vigorously stirred anhydrous ether. The product was washed twice with 
ether, then three times with petroleum ether, allowed to stand overnight in 
the final petroleum ether wash liquor, filtered, and dried in a desiccator over 
sulphuric acid. A sample for analysis was dried over phosphorus pentoxide 
at 2 mm. and 110° C. to constant weight. Found: OCHj, 21.5%. This 
product was again purified from dioxane and ether. C'alcd. for C«H«0* 
(OC'Hi)«(OH) 4 , [886.4]:—C, 64.9; H, 6.1; OCH 3 , 21.0%. Found: C, 
65.12,65.25; H, 6.02, 6.14; OCH*, 21.6%. 

Methanol lignin is a finely divided buff-colored powder, soluble in dioxane, 
•acetone, methyl and ethyl alcohols, and in dilute sodium hydroxide. It is 
precipitated from the last-named solution by mineral acids and also by carbon 
dioxide. 

The mother liquor from the methanol-water precipitation was evaporated 
under reduced pressure to a thick syrup. This was dissolved in distilled 
water, the small amount of pale brown precipitate which separated out removed 
by filtration through charcoal, and the aqueous solution evaporated under 
reduced pressure. The yellowish brown syrup finally obtained was then 
dried in a vacuum desiccator for several days over solid sodium hydroxide. 
About 10 gm. of the yellowish brown syrup was obtained in each experiment. 
This product reduced Fehling’s solution only slightly but very strongly after 
hydrolysis with dilute hydrochloric acid. In the latter case a slight brown 
flocculent precipitate separated out. After it had been filtered and dried its 
methoxyl content was 17.5%. 

The flioxane-ether mother liquor obtained from the first purification of the 
methanol lignin was only slightly colored. The solvent was removed by 
evaporation under reduced pressure, the brownish residue dissolved in about 
2 cc. of dioxane and this solution added dropwise to well stirred petroleum 
ether. Only a very slight precipitate was obtained. This was not investigated 
further. 

The residual methanol-extracted wood meal from three sudh .experiments, 
representing 50% of the original wood meal used, was dried and analysed 
for methoxyl, lignin and cellulose. The methoxyl content, 6.11%, is nearly 
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50% higher than that of the original wood meal (4.4%), indicating that during 
the extraction with methyl alcohol and hydrogen chloride a partial methyla- 
tion had taken place. 

A lignin determination showed 26.9% as compared with 29.4% prior to 
extraction, and a cellulose content of 66.9% was found, as compared with 
58.6% in the original wood meal. An extraction of methanol lignin carried 
out in an open flask at 66° C. resulted in a poorer yield of a crude methanol 
lignin (OCH,, 22.7%). 

Acetylation of Purified Methanol Lignin 

One gram of purified methanol lignin (OCH,, 21 6%) was dissolved in a 
mixture of 5 cc. of dry pyridine and 3 cc. of acetic anhydride; the product 
was allowed to stand at room temperature for 48 hr., and then poured on to 
ice. The brown precipitate was filtered, washed and dried over sodium 
hydroxide and sulphuric acid in a vacuum desiccator. It was then dissolved 
in dioxane, and the solution was centrifuged, filtered and the lignin precipi¬ 
tated by adding the solution dropwise to well stirred anhydrous ether. It 
was purified further by dissolving it in dry benzene and adding the filtered 
solution drop by drop to petroleum ether (60-70° C.) with vigorous stirring. 
The precipitated product was washed first with petroleum ether (b.p. 60-70° 
C.) then with low-boiling petroleum ether (b.p. 30-50° C.). The product 
isolated by centrifuging was dried in a vacuum desiccator over sulphuric 
arid. Yield, 1 2 gm. Prior to analysis it was dried in an Abderhalden oven 
at 78° C. and 2 mm. to constant weight. Calcd. for C„H,*0*(0CHi)* 
(OCOCH.k [1054 5]:—C, 63 9; H, 5 9; OCH,, 17 6%. Found:—C, 64.46, 
64.20; H, 5.65, 5.77; OCH>, 17 8%. The acetylated methanol lignin is 
soluble in benzene, acetone, dioxane and methyl and ethyl alcohols, but 
insoluble in ether, petroleum ether, water and dilute sodium hydroxide 
solution. 

Methylation of Methanol Lignin with Diazomethane 

Two grams of purified methanol lignin was dissolved in 20 cc. of dioxane 
and the diazomethane prepared from 10 cc. of nitrosomethyl urethane was 
passed into the solution at 5° C. The reaction product was allowed to stand 
for 18 hr. at room temperature and was then heated to 50° C. for 15 min. 
This brought about the separation of a slimy precipitate which, on centri¬ 
fuging, floated on the surface of the solution. After filtration, the clear 
solution was added dropwise to well stirred dry ether. The methylated 
methanol lignin separated out as a very fine light-brown powder. This was 
centrifuged, redissolved in dioxane and again precipitated with ether. The 
product was washed with ether and then twice with petroleum ether. Yield, 
1.7 gm. Tfhe low yield w&s due to losses incurred in filtration. The product 
prior to analysis was dried to constant weight in an Abderhalden oven at 110° 
C. and 2 mm. Calcd. for C«H*0.(OCH,) 7 (OH),, [900.4].—C, 65.3; H, 
6.2; OCH., 24.1%. Found:—C, 66.15, 66.44; H, 6.30, 6.41; OCH., 
24.9, 24.9, 24.6%. 
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Methanol lignin methylated with diazomethane shows a degree of solu¬ 
bility in organic solvents similar to that found for the original methanol 
lignin, but differs however from the latter in that it is insoluble in dilute 
sodium hydroxide. 

In a second experiment the yield of purified product was quantitative and 
the same methoxyl value was obtained on analysis. 

Acetylation of Methanol Lignin Premethylated with Diazomethane 

Methanol lignin (2.8 gm.), premethylated with diazomethane, was dis¬ 
solved in 15 cc. of pyridine and 10 cc. of acetic anhydride added. After 
standing for 48 hr. at room temperature the mixture was poured on to ice, 
the precipitated product filtered off, and dried in a vacuum desiccator over 
sulphuric acid and sodium hydroxide. It was purified by solution in dioxane 
and precipitation with ether. After it had been washed several ’times with 
petroleum ether, the product was dried at 100° C. and 2 mm. pressure for 24 
hr. Yield, 3 gm. The acetvlated product shows a behavior similar to that 
of the acetylated methanol lignin with respect to organic solvents. Calcd. for 
C«H»0.(OCH 9 ) 7 (OCOCH 3 ),, [1026.51:—OCHa, 21.1%. Found:—OCH*, 
21 4, 21 .5 %. 

Preparation of the Fully Methylated Methanol Lignin by Simultaneous Deacetyl¬ 
ation and Methylation 

Methanol lignin (2.6 gm.), methylated with diazomethane and then 
•completely acetylated, was dissolved in 30 cc. of acetone and then subjected 
to a combined deacetvlation and methylation treatment at 40° C. with 
30 cc. of dimethyl sulphate and 65 cc. of sodium hydroxide solution (30%). 
The reagents were added in five portions at intervals of 30 min., and the 
mixture was kept slightly alkaline. The acetone was then distilled off, where¬ 
upon the reaction product separated as a sticky mass, which, on cooling, 
became solid. It was filtered off, ground in a mortar with water in order to 
remove the sodium sulphate, redissolved in acetone and remethylated, using 
the same amount of reagents and under the same conditions. The isolated 
product was purified by dissolving in dioxane and precipitating"with dry 
ether. It separated as a fine light-brown powder, which was centrifuged, 
washed with ether, then twice with petroleum ether and dried in a desiccator 
over sulphuric acid. Yield, 2.3 gm. Prior to analysis the product was dried 
at 110° C./2 mm. Calcd. for C«H»O 6 (OCH*), 0 , [942.7]:—C, 66.2; H, 6.6; 
OCIIs, ,32.9%. Found:—C, 66.36, 66.05; H, 6.64, 6.53; OCH», 32.3%. 

On repeating the methylation no increase in the methoxyl content was 
found. Also, treatment of this product with pyridine and acetic anhydride 
brought about no change in methoxyl value, indicating absence of free 
hydroxyl groups. 

The fully methylated methanol lignin is soluble in acetone, methyl and 
ethyl alcohols and benzene, insoluble in ether, petroleum ether, water and 
sodium hydroxide. On heating with dilute sulphuric acid at 100° C. 
in aqueous acetone solution, no change in the methoxyl content takes place, 
indicating the absence of any readily hydrolyzable methoxyl groups. 
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STUDIES ON LIGNIN AND RELATED COMPOUNDS 

XIII. THE STRUCTURE AND PROPERTIES OF GLYCOL LIGNIN 1 
By K. R. Gray*, E. G. King*, Fritz Brauns 4 and Harold Hibbert* 


Abstract 

Lignin was extracted from spruce wood meal with ethylene glycol containing 
(a) 0 05% and ( b ) 0 2% hydrogen chloride. On purification the two glycol 
lignins were found to contain 16 9% OCHa and 62 8% (\, and 16 5% OCH» 
and 64 7% C. respectively. The aqueous glycol mother liquor was found to 
contain a soluble lignin-carbohydrate compound. The glycol lignin could Ik 
separated into a chloroform-insoluble and a chloroform-soluble fraction, each 
having the same chemical comj>osition and yielding the same methylated 
products. From the glycol lignin, purified by means of dioxane-ether, acetylated 
and methylated derivatives were prepared, as were also trityl derivatives of 
glycol lignin and premethylated glycol lignin 

The introduction of three trityl groups indicates the presence of three primary 
alcohol groups in the original lignin. Glycol lignin can Ik* both partially and 
completely domethylated by use of hydriodic acid. The effect of the glycoi 
radical on the methoxyl value in the Zeisel determination was studied and an 
equation derived for the correction of the methoxyl valut. The bearing of the 
results on the formula proposed previously (1) for methanol lignin is discussed. 


Introduction 

It has teen shown in previous communications (3, 4) that lignin can be 
extracted from wood with ethylene glycol in the presence of small amounts 
of hydrogen chloride as catalyst. Lignin derivatives isolated in this way 
were originally thought to be acetals but are now' regarded as ethers of the 
lignin and the alcohol (1). 

In order to determine how much lignin can be extracted from the wood 
in this w r ay, four successive extractions were carried out with ethylene glycol 
containing 0.05% hydrogen chloride, and the progress of the extraction 
followed by analysis of the wood meal residues. The percentage of lignin 
extracted and that isolated after each extraction together with the correspond¬ 
ing results given by Hibbert and Marion are shown in Table I. 

The process of preparing glycol lignin involves only slight mechanical 
losses, so that the large lignin losses (almost 50% in the first and second 
extractions) (Table I) must have been due to lignin remaining in the aqueous 
solution when the glycol lignin w as precipitated by pouring the glycol solution 

4 

1 Manuscript received March 25, 1935, 
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Canada, with financial assistance from the Canadian Pulp and Paper Association, This Paper 
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partial fulfilment of the requirements for the degree of Doctor of Philosophy, 
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TABLE I 

Comparison of amounts of lignin extracted and actually recovered 



1 

Lignin extracted* 

Crude lignin isolated* 

1 

Purified 

lignin 

isolated* 


Gray 

Hibbert and 
Marionf 

Gray 

Hibbert and 
Marion 

Gray 

In first extraction 

46 53 

36 7 

24 35 

20.5 

22 0 

In second extraction 

28 89 

12 7 

14 6 

8 2 

13 8 

In third extraction 

3 06 

— 

3 3 

— 

2 95 

In fourth extraction 

2 38 

— 

2 2 

— 

1 9 

Total of all extractions 

80 86 

49 4 

44 45 

28 7 

40 65 


*Calculated as percentage of original lignin in wood meal. 

\The figures are calculated from results given by Hibbert and Marion (3) for extractions carried 
out under conditions identical with those employed by the authors; namely , the use of anhydrous 
glycol containing 0 05% hydrogen chloride at a temperature of 107-109° *C. for eight hours . 

< 

into water. This loss may be due either to a solubility effect of the water- 
glycol mixture, or to the presence of a soluble lignin-carbohydrate complex 
present in the wood or formed during the extraction. 

The possible role played by the “soluble lignin” in the aqueous glycol 
mother liquor was investigated by studying the effect of concentrating the 
glycol lignin extract prior to precipitation with water. It was found that 
the decrease in loss after concentration was only 32.9% of that occurring 
when the glycol extract was not concentrated. 

It was possible to isolate from the aqueous glycol mother liquor a lignin 
compound in a small yield by precipitating with basic lead acetate. This 
product appeared to be a compound of lignin with a carbohydrate. After 
careful decomposition with dilute sulphuric acid, a brown solution was 
obtained A'hich reduced Fehling’s solution only when hydrolyzed with hydro¬ 
chloric acid, yielding a water-insoluble precipitate with a methoxyl content 
of 14 2%, but soluble in dioxane and dilute sodium hydroxide solution. 
The colorless filtrate from the hydrolysis reaction reduced Fehling’s solution 
very strongly. Acetylation of the lead salt gave a product with a large acetyl 
value and a correspondingly low methoxyl content. 

Glycol lignin, purified by adding its dioxane solution to ether, thus pre¬ 
cipitating a fine powder, has a methoxyl content of 16.9%, the same value 
as that found first by Rassow and Gabriel (5), and this value did not change 
on further purification with other solvents or on hydrolysis. Rassow and 
Gabriel (5) assumed that their glycol lignin did not contain bound glycol. 
Iri order to settle this question, since the presence of glycol may affect the 
methoxyl determinations, several attempts were made to hydrolyze off the 
glycol JtOdicjtl and to isolate the glycol, but they were unsuccessful. The 
proof «tf‘the presence of glycol was finally obtained indirectly by using glycol 
monom&hyl ether instead of glycol as extraction medium. The glycol mono- 
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methyl ether lignin so obtained had a methoxyl content of 20.5%, i.e., 
approximately one methoxyl group more on the basis of a molecular weight 
of about 900. 

In order to investigate the influence of the glycol radical on the methoxyl 
determination, such determinations were carried out on a number of known 
glycol derivatives of varying molecular weight, as shown in Table II. The 

TABLE II 

Apparent methoxyl v \li’& given by a glycol group 


('(impound 

Found 

OCH«, 

f 

c 

OCH, due 
to presence 
of glycol 
radical, 

( /c 

(7lycol 

correction 

factor 

(% och 3 

mol. wt.) 

OCH*, %, (JC) 
ealed. from 
the mean 
correction 
factor and 
the mol. wt. 

jcJHL 

m.w. 

(a) Ethylene gl>tol 
(m.*. 62) 

12 03) 12 30 
12 56] 

12 30 

765 

14 40 

(b) Glycol dimcthvl ether 
(m.*. 90) 

77 2n 77 56 
77 90/ 

8 67 

780 

9.90 

(r) Glycol dicaprate 

Cm \\. 170) 

2 391 2 22 

2 05 

2 22 

821 

2.42 

*{d) Tetra-acotyl 

glycol gluroMiU 
<m.* 392) 

1 83 1 93 j 

2 03, 

1 93 

757 

2.29 

\f) (ilyiol dimyristate 
(m * 482) 

2 09i 2 00 

1 90 

2 00 

964 

1 86 

{f) Gl)cnl delimitate 

Cm.* 542) 

1 74' 1 8S 

1 97 

1 85 

1003 

1 65 

(j>) Gl\<nl dihtearate 
(m.w 505) 

1 62 1 64 

1 66/ 

1 64 

976 

1 50 

*(h ) Hcpta-acetyl 

glycol cellol»i<>Mde 
(m.w. 680) 

1 53\ 1 61 

1 69 

1 61 

1095 

Mean 895 

1 22 


•These two produits were prepared for us by Dr. M. L. Wotfrom, The Ohio State University, 
to whom we wish to express our best thanks for this kindness. 


methoxyl value did not decrease in exact proportion to the increase in molecular 
weight. By multiplication of the found methoxyl percentage due to glycol 
(Table II, Column 3) by the molecular weight of the respective glycol com¬ 
pound, a correction factor for each compound is obtained, and these factors 
(Column 4) are seen to vary within Vide limits from 765 to 1095, the average 
value being 895. * * 

Applying this value to glycol lignin with a molecular weight of 916, the 
correction is found to be 0.97%, that is the methoxyl vailue found would be 
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too high by this amount owing to the glycol in the lignin. In compounds 
with molecular weights greater than 1800, for example the phenol glycol 
lignins, the error is within the experimental error. 

In any case it is evident that glycol lignin is not very suitable for studies 
on the structure of lignin when conclusions are to be based on the methoxyl 
determinations. 

The carbon content of the glycol lignin obtained by extracting with 0 05% 
hydrogen chloride is 62 8%, while that obtained by the use of 0 2% hydro¬ 
gen chloride is 64.5%, the latter value being also found by Rassow and 
co-workers. The methoxyl values do not show any difference, and the differ¬ 
ences in carbon content disappear in the methylated and acetylated products. 

As first shown by Rassow (2, 5, 7) glycol lignin can be separated into a 
chloroform-insoluble and a chloroform-soluble fraction, amounting to 75 and 
25% respectively. The analytical data obtained for the two fractions and 
their methylated derivatives are shown in Table III and are seen to be in 

close agreement. < 

TABLE III 

Analysis of chloroform fractionation products and thfir derivatives 


Lignin derivative 

Chloroform- 
insoltible fraction, 

% 

Chloroform- 
soluble fraction, 

% 

Untreated fraction 

(OCHj) 

16 95 

(OCH,) 

16 90 


c 

62 61 

c 

63 15 


H 

6 22 

H 

6 43 

Methylated with diazomethane 

(OCH,) 

21 02 

(OCH,) 

21 36 

Fully methylated 

(OCH,) 

32 00 

(OCH,) 

32 2 


Using glycol lignin purified twice from dioxane and ether a series of glycol 
lignin derivatives was prepared. These comprised the acetyl, benzoyl, £-brom- 
benzoyl, ^-nitrobenzoyl and ^-toluene sulphonyl .derivatives. On methyl- 
ation of glycol lignin with diazomethane a derivative with a higher methoxyl 
content could be prepared which, as shown both by acetylation and benzoyl- 
ation, still contained free hydroxyl groups. The complete methylation of 
glycol lignin was carried out by a simultaneous deacetylation and methylation 
of two products: (a) the fully acetylated glycol lignin, and (b) the acetylated 
glycol lignin previously methylated with diazomethane. In both experiments 
the same fully methylated product was obtained, with a methoxyl content 
of 31.4% for each product. 

On treatment of glycol lignin, as well as of its diazomethane-methylated 
product, with trityl chloride in pyridine solution, trityl derivatives were 
obtained. Tfie glycol lignin derivative was found to contain four trityl 
groups* There seems to be no doubt that one of these has replaced the 
hydrogen atom in the free hydroxyl of the glycol group, while a second has 
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been substituted for the hydrogen in the phenolic hydroxyl group. The 
diazomethane-methylated glycol lignin derivative contained only three trityl 
groups, since in this product the phenolic hydroxyl group has already been 
methylated by the diazomethane. In both cases there has been left one free 
hydroxyl group. On acetylation of these products the methoxyl value de¬ 
creased somewhat, but on account of the high molecular weights in question 
no conclusions can be drawn from these latter experiments. The introduction 
of three trityl groups, however, into both the glycol lignin and the pre¬ 
methylated glycol lignin indicates the presence of three primary alcohol 
groups in the glycol lignin. 

In an earlier paper by Brauns and Hibbert (1) a formula for glycol lignin 
was proposed which was derived from the analysis of the fully methylated, 
ether-insoluble glycol lignin and independent of that of the fully methylated 
ether-insoluble methanol lignin. The authors do not wish to be considered 
as regarding this formula as something definitely and finally proved. As 
long as there is no other more suitable formula for the glycol lignin unit avail¬ 
able, that represented by C^HraOeCOCHaMOH^lOCHzCHjOH) will be 
adopted, and the calculated theoretical data given in the experimental part 
are based on it. 

Attempts were made to demethylate glycol lignin and it was found that 
partial demethylation could be effected by heating its acetylated product 
with a mixture of acetic anhydride and glacial acetic acid saturated with 
hydrogen bromide at 120° C. for two hours. A product with 10.7% OCH* 
(equivalent to four methoxyl groups based on the foregoing formula) is 
obtained, while complete demethylation can be effected using hydriodic acid 
and phenol (Zeisel method). The product obtained in the latter case is 
soluble in dioxane and undoubtedly represents a phenol condensation pro¬ 
duct of the demethylated phenol lignin. Further investigations in this 
direction are in progress. 

Experimental 

Preparation of the Wood Meal 

The wood used for the preparation of the lignin was a section of a log* 
from a freshly cut Northern Ontario white spruce tree about forty years old. 
The wood was converted to a fine flour by shaving, followed by grinding in a 
ball mill- The wood flour was screened and those portions passing through 
65 and 100 mesh sieves used for the extractions. For analysis it was dried 
at 110°C./2 mm. over phosphorus pentoxide. ’ Found: OCH», 4.88; lignin, 
28.94; cellulose, 51.90; acetyl, 1.26; ash, 0.25%. 

After it had been dried, the wood meal was extracted for 24 hr. in a Soxhlet 
extractor with a mixture of equal parts by volume of benzene and 95% alcohol. 
The wood meal was then dried at 60° C. in a vacuum oven, and extracted 
with water at 50° C. and again dried at 60° C. in the vacuum oven. 

*Kindly supplied by the Abitiin Power and Paper Company, Iroquois Falls, Ontario. 
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Extraction of the Wood Meal with Anhydrous Ethylene Glycol Containing 0.05% 
Hydrogen Chloride, and Isolation of the Crude Lignin 

About 800 gm. of the extracted and well dried wood meal was heated for 
eight hours at 107-109° C. with 10 times its weight of anhydrous ethylene 
glycol containing 0 05% of anhydrous hydrogen chloride. The extraction 
was carried out in a 12 litre flask fitted with a motor-driven stirrer and ther¬ 
mometer, and during the process a stream of dry nitrogen was passed through 
the apparatus. The mixture was filtered, while hot, in a nitrogen atmosphere. 
The wood meal residue was washed thoroughly with hot glycol and the 
filtrate and washings combined. The glycol solution was then added in a 
fine stream, with stirring, to four times its volume of distilled water previously 
warmed to 50° C. The precipitated light-brown lignin was allowed to settle, 
washed four times with distilled water by decantation, filtered, again washed 
with distilled water and finally dried in a vacuum desiccator over sulphuric 
acid. 

Each lot of the wood meal was extracted four times. After each extraction, 
the wood meal was washed with distilled water to remove the glycol, dried 
in the vacuum oven and analyzed. 

Purification of the Crude Glycol Lignin 

Crude, dry glycol lignin (20 gm.) was dissolved in 100 cc. of pure, warm 
dioxane. The solution was centrifuged, decanted from a small amount of 
residue and the latter extracted with another small portion of dioxane The 
solution was filtered, concentrated to approximately 10% lignin content, and 
added dropwise to 1200 cc of ether, stirred mechanically. The precipitated 
lignin was allowed to settle, the ether replaced by fresh ether and the lignin 
centrifuged. It was washed three times with dry ether, and again centrifuged. 
After washing in the same manner twice with dry petroleum ether (30-50° C.), 
it was dried in a vacuum desiccator over sulphuric acid and solid sodium 
hydroxide. The product so obtained was a buff-colored amorphous powder, 
the particles of which readily acquired electrostatic charges. 

Two lots of purified glycol lignin from two different extractions were 
analyzed. Found:—Lot I: C, 62 8, 62 8; H, 6 5, 6 6; OCH», 16 7,17 0%. 
Lot II: C, 62 8, 62 7; H, 6 0, 6 1; OCH», 16 8, 17 1, corr.* 15 9, 16 1%. 
Calcd. for C 42 H 3S 0,(0CH 3 ) 6 (0CH S CH 2 0H)(0H) < , [916 5]: C, 64 2; H, 6.2; 
OCH,, 16.9%. 

The glycol lignin was readily soluble in dioxane, glycol monomethyl ether, 
methyl and ethyl alcohols (90%), phenol, aqueous acetone, pyridine, and in 
dilute sodium hydroxide, partly soluble in chloroform and absolute acetone, 
and insoluble in benzene, ether, petroleum ether and water. 

A third and fourth extraction of the same lot of wood meal yielded only a 
very small amount of glycol lignin with a lower methoxyl content (16 0%; 
corr. 15 0%) f * 
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Extraction of the Wood Meal with Glycol and 0.2% Hydrogen Chloride, and 
Isolation of the Crude Lignin 

The extraction was carried out in the same manner but using 518 gm. of 
wood meal and five litres of ethylene glycol containing 0.2% hydrogen 
chloride. 

The filtered glycol solution was divided into two equal parts. One was 
precipitated without further treatment, as described above, while the other 
was concentrated to one-quarter the volume. The non-concentrated solution 
yielded 50.0 gm. of crude, dry glycol lignin and the concentrated solution 
gave 34 1 gm. 

The total residual wood meal from this experiment was washed once with 
glycol and was then washed thoroughly with four litres of methyl alcohol. 
The dissolved glycol lignin was isolated by concentrating under diminished 
pressure and adding the filtered solution dropwise to four times its volume of 
distilled water. Yield, 10 2 gm. The total yield of crude lignin was 74 4 gm. 
or 51 7% of the lignin contained in the original spruce wood meal. 

The crude glycol lignin (64 gm.) obtained from both precipitations was 
purified by the method described above. Yield, 56 gm. Found: C, 64.6, 
64 9; H, 6 0, 5 8%. Methoxyl determinations: After one precipitation 
from dioxane.- OCHi, 16 6, 16.5%; corr., 15.6, 15 5%; after a second 
precipitation from dioxane:—OCHs, 16 5%; corr., 15 5%; after precipita¬ 
tion from acetone:—OCHs, 16.5, 16 4%; corr., 15 5, 15 4%. The product 
was, therefore, considered to be homogeneous with regard to methoxyl con¬ 
tent. Calcd. for C«H»0,(<X'H,)»(OCH 2 CH s OH)(QH)«, [916.5], C, 64.2; 
H, 6 1; OCH,, 16 9%. 

Extraction of Wood Meal with Ethylene Glycol Monomethyl Ether Containing 
0 1% Hydrogen Chloride 

The procedure was the same as that employed in the extraction of the wood 
meal with ethylene glycol. 

From 241 gm. of dry wood meal (65 mesh) there was obtained 14 5 gm. 
crude, dry glycol monomethyl ether lignin, or 6 0% of the weight of the original 
wood meal. 

The product was almost completely soluble in dioxane and was purified 
by adding the dioxane solution to ether, thus precipitating the product, 
using exactly the same technique as for glycol lignin. The purified product 
was a*fawn-colored powder. Yield, 12.2 gm. 

The product was soluble in dioxane, glycol- monomethyl ether, alcohol 
(95%), chloroform, and insoluble in benzene, ether, water, sodium carbonate 
solution, etc. Found: OCHj, 20.5%; corr. 19.5%. Calcd.*for C«HaO* 
(OCH»)»(OCHiCHjOCHj)(OH)i, [930 5]: OCH», 20.0%. 

Acetylation of Glycol Lignin 

Two grams of glycol lignin was dissolved in 10 cc. of dry pjltfdine and 5 cc. 
of acetic anhydride added. After it had stood for 24 hr. at room temperature, 
the clear solution was poured into ice water. The light-brownish precipitate 
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separating out was filtered, washed with distilled water, and dried over 
sulphuric acid and sodium hydroxide in a vacuum desiccator. It was purified 
by dissolving it in dry chloroform and pouring the solution, drop by drop, 
into absolute methyl alcohol, with vigorous stirring. The isolated product 
was redissolved in dioxane and precipitated again with ether. Yield, 2.2 gm. 
For the analysis it was dried in an Abderhalden over phosphorus pentoxide 
at 78° C./2 mm. Found: C, 62 16, 62 20, 62 37; H, 5 67, 5 68, 5 81; 
OCH s , 14.1%; corr. 13 3%. Calcd. for CuHvOt(QCHt)*(OCK 2 CH*OOCCHz) 
(OCOCHa)*, [1126 5]: C, 62 9; H, 5 9; OCH 3 , 13 8%. The acetylated 
glycol lignin is soluble in dioxane, chloroform, pyridine, glacial acetic acid 
and acetone; it is insoluble in methyl alcohol, ether, water and cold dilute 
sodium hydroxide .solution. 

Benzoylation of Glycol Lignin 

Two grams of glycol lignin was dissolved in 15 cc. of dry quinoline and 6 cc. 
of benzoyl chloride added. After about one hour, crystallization of quinoline 
hydrochloride began and the product was allowed to stand at room temper¬ 
ature for 24 hr. The mixture was then poured into ice-cold sulphuric acid 
(5%), whereupon a sticky mass separated out. It was kneaded with water 
but did not become solid. The sticky, dark brown product was dissolved in 
chloroform, this solution washed with water, dilute sulphuric acid, 5% potas¬ 
sium bicarbonate solution and finally with water. It vras then dried with 
calcium chloride and the benzoylated lignin precipitated by pouring the 
solution into dry methyl alcohol. It separated out as a fine, light-red powder 
which was dried over calcium chloride and phosphorus pentoxide. Yield, 
2 8 gm. It was purified further by adding its dioxane solution dropwise to 
dry ether. For the analysis the product was dried at 100° C./2 mm. Found: 
C, 70.65, 70 75; H, 5 22, 5 08; OCH*, 11 4; corr. 10 8%. Calcd. for 
C 4 2H S2 0«(OCH,) 6 (OCH 2 CH 2 OOCC 6 H6)(OOCC 6 H6)4, [1436 6]: C, 70 1; H, 
5 3; OCH 8 , 10 8%. The benzoylated glycol lignin is soluble in chloroform, 
dioxane, pyridine and quinoline, but insoluble in ether, petroleum ether, 
methyl alcohol and water. 

Preparation of p-Brombenzoyl Glycol Lignin 

Two grams of glycol lignin was dissolved in 10 cc. of dry pyridine and a 
solution of 5 gm. of p-brombenzoyl bromide added. The mixture became 
hot and was cooled with ice water. It was then allowed to stand at room 
temperature for 24 hr., poured into ice water and the solid precipitate filtered 
off. After it had been dried in a desiccator over sodium hydroxide and 
sulphuric acid, it was purified by dissolving it in chloroform and adding the 
solution dropwise to well stirred dry ether. Yield, 2.2 gm. Further purifica¬ 
tion was effected by acjding its dioxane solution dropwise to dry ether. 
Found: Br, 25.6; QCHb, 7.1; corr. 6.7%. Calcd. for CuH m O«(OCHb) 6 
(OCH 2 CH 2 OOCC«H4Br)(OOCC 6 H4Br)4, [1831.2]: Br, 21.5; OCH* 8.5%. 
Calcd. fo^C«HwOe(OCH 3 ) 4 (OCH 2 CH 2 OOtC 4 H 4 Br)(CX)CC 6 H 4 Br) ft , [2001.2]: 

*In the ease that one methoxyl group is split off and replaced by a p-brotnbensoyl group* 
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Br, 24.0; OCHa, 6.3%. The £-brombenzoyl glycol lignin is soluble in chloro¬ 
form, dioxane, and acetone, but insoluble in ether, petroleum ether, methyl 
alcohol and water. 

Preparation of p-Nitrobenzoyl Glycol Lignin 
Two grams of glycol lignin was dissolved in 12 cc. of dry pyridine and mixed 
with a solution of 5 gm. of nitrobenzoyl chloride in S cc. of dry chloroform. 
After it had stood for 48 hr. at room temperature, the product was isolated 
in the same manner as in the case of the benzoyl glycol lignin. Yield, 
2.2 gm. Found: OCH 3 , 8.6%, corr. 8.1%. Calcd. for C^HrcOeCOCH*)# 
(0CH 2 CH 2 00CC 6 H4N0 2 )(00CC 8 H4N0 2 )4, [1661.5]: OCH 8 , 9.3%. The 
solubility relations of this compound are the same as those of benzoyl glycol 
lignin. 

Preparation of Glycol Lignin p-Toluene Sulphonate 
Two grams of glycol lignin was dissolved in 15 cc. of dry pyridine and 
5 gm. of toluene sulphonyl chloride added. After a short time crystalliza¬ 
tion of pyridine hydrochloride began. The mixture was allowed to stand 
for 24 hr. at room temperature, then poured on to ice water, the ester separating 
as a very fine light-brown precipitate. This was filtered and dried in a vacuum 
desiccator over sulphuric acid and solid sodium hydroxide. The crude product 
was dissolved in dry chloroform and reprecipitated as in the case of acetyl 
lignin. It was purified by redissolving it in chloroform and adding the solution 
dropwise to ether. Yield, 3 1 gm. For the analysis the product was dried 
in an Abderhalden at 100°C./2 mm. Found: ()CH 3 , 8.5%, corr. 8.0%; 
S, 9 7, 9 659c. Calcd. for C42H 3 20 6 (OCH 8 ) 6 (OCH 2 CH 2 OS0 2 C 6 H4CH,) 
(0S0 2 CeH 4 CH 3 )4, [1687 1]: OCH 3 , 9.2; S, 9 5%. The glycol lignin toluene 
sulphonate is soluble in pyridine, chloroform and dioxane, but insoluble in 
ether, benzene, petroleum ether, water and dilute alkali solution. 

Methylation of Glycol Lignin with Diazomethane 
Two grams of purified glycol lignin was dissolved in 15 cc. of dry dioxane 
and a solution of diazomethane (prepared from 10 cc. of nitrosomethyl 
urethane) in 10 cc. of dry dioxane added at room temperature. A slow evolu¬ 
tion of nitrogen occurred and the solution became lighter in color. The 
mixture was allowed to stand overnight at 15° C. The next day a similar 
quantity of the diazomethane solution was added and the mixture allowed 
to stand for another 24 hr. at room temperature. A small, slimy precipitate 
separated out. This was coagulated by heating the solution to 50° C. for 
15 min.; the mixture was then centrifuged, filtered and the».clear solution 
concentrated under reduced pressure. The methylated glycol lignin was 
isolated by pouring the solution into dry ether with vigorous stirring. The 
precipitated product was washed with dry ether and finally twice with 
petroleum ether. The diazomethane-methylated glycol ligfcin so obtained 
was a very finely divided, light-brown powder. Yield, 2.1 gm. Found: 
C, 63,90, 64.04; H, 6.31, 6.38; OCH 8 , 21.2, 21.0%, corr. 20.2, 20.0%* 
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Calcd. for C*HbO.(OCH,).(OCH,CH,OH)(OH),, [930.5]: C, 64.4; H. 6.3; 
0CH», 20.0%. The methylated glycol lignin thus obtained is soluble in 
dioxane, pyridine, acetone, chloroform, methyl and ethyl alcohols, but in¬ 
soluble in ether, petroleum ether, water and sodium hydroxide. A further 
methylation with diazomethane did not increase the methoxyl content. 
Found: OCH,, 21.0%, corr. 20.0%. 

Acetylation of Glycol Lignin Premethylated with Diazomethane 
Two grams of glycol lignin, premethylated with diazomethane, was acetyl- 
ated under the same conditions as those described for glycol lignin. The 
product, after precipitation from water, was dried over sodium hydroxide 
and sulphuric acid, and purified by precipitating twice from dioxane and ether 
(light yellowish powder, yield quantitative). Found: C, 63.50, 63.50; H, 
6.18, 6.00; OCH,, 17.5, 17.3%, corr. 16.7, 16.5%. Calcd. for C«H«0« 
(OCH,),(OCH,CH,OOCCH,)(OOCCH,),. [1098.5): C, 63.3; H, 6.0; OCH,, 
16.9%. The acetyl derivative of the glycol lignin premethylated with diazo¬ 
methane is soluble in acetone, dioxane, chloroform, but insoluble in ether, 
petroleum ether, water and dilute sodium hydroxide. 

Benzoylation of Glycol Lignin Premethylated with Diazomethane 

Two grams of glycol lignin premethylated with diazomethane was benzoyl- 
ated using dry quinoline and benzoyl chloride, following the method used for 
glycol lignin. Yield, 2.5 gm. For the analysis it was dried at 100° C./2 mm. 
Found: C, 69.42, 69.58; H, 5.41, 5.41; OCH,, 13.8, 13.6, corr. 13.1,12.9%. 
Calcd. for C«H w 0 6 (0CH,),(0CH s CH s 00CC 6 H 5 )(00CC 8 H,),, [1346.6]: C, 
69.5; H, 5.5; OCH,, 13.8%. Its solubility relations are similar to those of 
the benzoylated glycol lignin. 

Preparation of the p-Toluene Sulphonyl Ester of the Glycol Lignin Premethylated 
with Diazomethane 

This compound was prepared in the manner described for the correspond¬ 
ing compound of glycol lignin. Yield from 1 gm. of premethylated glycol 
lignin, 1.7 gm. Found: OCH,, 11.9, corr. 11.3%; S, 7.7, 7.83%. Calcd. 
for C 4 ,Hb0,(0CH,),(0CH !! CH20S0 2 C,H4CH,)(0S02C,H,CH,),, [1546.9]: 
OCH,, 12.0; S, 8.2%. 

Complete Methylation of Glycol Lignin 

This experiment was carried out in two different ways. In the first method 
the glycol lignin, premethylated with diazomethane, was used, but in the 
second, the acetylated glycol lignin was methylated by a simultaneous de- 
acetylation-methylation process. 

(a) Methylation of Glycol Lignin Premethylated with Diazomethane 
Seven grams of prenw&thylated lignin was acetylated as described previ¬ 
ously and the acetylated product dissolved in 100 cc. of acetone. A simul¬ 
taneous deacetylation and methylation was then carried out with 85 cc. of 
dimettyl sulphate and 175 cc. of 30% sodium ‘ hydroxide solution. The 
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reagents were added drop by drop in ten portions at intervals of 10-15 rain. 
The temperature was maintained at 56° C. and the solution kept slightly 
alkaline throughout the process. After the last addition, the reaction mixture 
was stirred for a further two hours at the same temperature. The product 
then consisted of two layers which formed an emulsion on stirring. The 
acetone was distilled off, whereupon the mass separated out on the surface 
of the aqueous solution as a sticky mass, which solidified on cooling. It 
was filtered, washed with water and dried in a desiccator over sulphuric acid. 
This product was remethylated under the same conditions and the isolated 
product, after it had been dried in a desiccator, was extracted with acetone 
in a Soxhlet apparatus. The acetone solution was centrifuged, filtered and 
the product precipitated by pouring the solution into dry ether. A third 
methylation was then carried out under the same conditions and the product 
isolated as before. After purification by solution in acetone and precipitation 
with ether, the product was washed several times with petroleum ether. A 
sample was dried at 78° C./2 mm. Found: OCH,, 31 4%. This product 
was remethylated a fourth time in the saire manner and purified. Yield, 
5.5 gm. Found: C, 65 83, 65 41; H, 6 76, 6 86; OCH 8 , 31.3, corr. 30 4%. 
Calcd. for C«H 82 0,(OCH3)9(OCH 8 CH 2 OCH > ), [986 5]: C, 65.7; H, 6.7; 
OCH,, 31.4%. 

In order to find out whether this product was completely methylated, 
0 5 gm. was submitted to an acetylation treatment with pyridine and acetic 
anhydride. A methoxyl determination of the isolated and purified product 
gave 31.57%. Since no decrease in the methoxyl content occurred, it is obvious 
that the product had been completely methylated. The fully methylated 
glycol lignin is soluble in acetone, pyridine, and dioxane, but insoluble in 
ether, petroleum ether, water and dilute sodium hydroxide solution. 

(b) Methylation of Acetylated Glycol Lignin 
Acetylated glycol lignin (6 gm ) was dissolved in 80 cc. of acetone and a 
combined deacetylation-methylation carried out with dimethyl sulphate and 
sodium hydroxide solution. Dimethyl sulphate (80 cc.) and sodium hydroxide 
(30%; 180 cc.) were added in five portions at intervals of 30 min. After the 
last addition, the reaction mixture was stirred for another hour. The methyl¬ 
ated glycol lignin was isolated and purified as described under (a). After 
two methylations a sample was isolated, purified and dried at 78° C./2 mm. 
Found: OCH,, 31.9%. This product was remethylated under the same 
conditions, isolated and purified. Yield, about 75%,. Found: C, 65 11, 
65.S3; H, 6.65, 6.76; OCH,, 31 4, corr. 30 4%. Calcd. for C«H#0,(OCH,)» 
(OCHsCHjOCHi), [986 5]: C.65.7; H,6.7; OCH„31.4%. These analytical 
data agree very well with those of the former experiment. 

As indicated by the low yield and the color of the dioxane-ether solution, 
an appreciable amount of the lignin product must have ren&dned dissolved 
in the mother liquor. This was isolated by completely evaporating the 
solvents, dissolving the light-brown viscous syrup in dry benzene and pre- 



46 


CANADIAN JOURNAL OF RESEARCH. VOL. 13, SBC. B. 


cipitating the product by adding the clear solution to well stirred petroleum 
ether. An orange-yellow powder separated. This was washed with fresh 
petroleum ether, filtered and dried over sulphuric acid. Found: OCH*, 
32.7%. 

In the same way the product from the diazomethane-ether mother liquor 
of Experiment (f>) was isolated in a yield of 22%. Found: OCH», 35.0%. 

Preparation of, a Trityl Derivative of Glycol Lignin 

Glycol lignin (2.5 gm.) was dissolved in 15 cc. of dry pyridine and 2.5 gm. 
of trityl chloride added to the solution. The trityl chloride dissolved rapidly 
without any appreciable generation of heat. The mixture was heated to 
about 70° C. in a water bath for 15 min. and then allowed to stand for 48 hr. 
at room temperature. It was poured on to cracked ice, the precipitate filtered, 
washed with water and dried in a desiccator over sulphuric acid. The product 
was then dissolved in dioxane and the solution added, drop by drop, to dry 
ether, with vigorous stirring. The fine, powdery product was centrifuged, 
washed with fresh ether, again dissolved in dioxane arid reprecipitated with 
ether. After centrifuging, washing with ether and petroleum ether, the 
product was dried at 100° C./2 mm. Yield, 4 gm. Found: OCH 3 , 8 4, 8.6; 
corr. 8.0, 8.2%. Calcd. for C 4 2H K 0 6 (OCH3)6(OCH 2 CH 2 OC(C 6 H 6 ) 3 ) 

(OC(C,Hi),),(OH), [1888.5]: OCH 3 , 8.2%. . 

Acetylation of the Previous Product 

Trityl glycol lignin (2 gm.) was acetylated with pyridine and acetic an¬ 
hydride and worked up as usual. Yield, 22 gm. It was purified by dissolving 
it in dioxane and pouring the solution into dry ether. The fine light-brown 
powder that was precipitated was centrifuged and washed with ether and 
petroleum ether. Found: OCHs, 8.3, 8.3; corr., 7.9, 7.9%. Calcd. for 
C«H 3l O # (OCH 3 ) & (OCH 2 CH 2 OC (C 6 H*) 3 ) (OC (C 6 H 5 ) 3 ) 3 (OCOCH 3 ), [1930.5): 
OCH 3 , 8.0%. 

Preparation of the Trityl Derivative of Glycol Lignin Premethylated with 
Diazomethane 

Glycol lignin (1 gm.), premethylated with diazomethane, was treated with 
trityl chloride (2 gm.) in pyridine solution and worked up in the same way 
as that described for the original glycol lignin. Yield, 1.9 gm. Found: 
OCH,, 11.4, 11.2%; corr., 10.9, 10.7%. Calcd. for Ca^O.tOCH*)* 
(OCHjCH 2 OC(C»H B ) 3 )(OC(C«Hj) 3 ) 2 (OH), [1659.4]: OCH,, 11.2%. 

Acetylation of the Previous Product 

A {portion (0.5 gm.) of the product obtained in the previous experiment 
was acetylated with pyridine and worked up in the usual manner. Found: 
OCH 3 ,' 1<Mv 10.6; corr., 10.2, 10.2%. Calcd. for C«H*sO«(OCH»), 
(OCH 2 CHkOC(C*H*)*)(OC(C,H*)*), (OCOCH,), [1701.4]: OCH*, 10.9%. 
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Attempted Demethylation of Glycol Lignin with Hydrobromic Acid 
Acetylated diazomethane-premethylated glycol lignin (0.5 gm.; OCH*, 
17%) was dissolved in a mixture of 5 cc. of acetic anhydride and 5 cc. of 
glacial acetic acid saturated with hydrobromic acid. The solution was heated 
in a sealed tube for two hours at 120° C. then poured on to ice, the dark brown 
precipitate filtered, washed with water and dried over sodium hydroxide and 
phosphorus pentoxide. For the analysis the product was dried in an Abder- 
halden at 78° C./2 mm. Found: OCH*, 10.7%. Calcd. for C^HraO.COCH,)* 
(OCOCHjMOCHjCHjOCOCH*), [1154.5]: OCH,, 10.7%. The product was 
free from bromine. 

Numerous other experiments were carried out, but with little success. 
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STUDIES ON LIGNIN AND RELATED COMPOUNDS 

XIV. THE ACTION OF LEAD TETRA"ACETATE AND OF MERCURIC 
ACETATE ON GLYCOL LIGNIN DERIVATIVES 1 
(Preliminary communication) 

By K. R. Gray 2 , Fritz Brauns 8 and Harold Hibbert 4 


Abstract 

Fully methylated glycol lignin (OCH*, 30 4%) was treated with lead tetra¬ 
acetate and with mercuric acetate. In the first case the acetoxyl group was 
introduced to the extent of 11 5%. With mercuric acetate in alcohol, the sole 
reaction was the substitution of hydiogen by the —HgOCOCHi group, there 
being no addition of ethoxyl nor loss of methoxyl groups. After repeated mer- 
curization the final product contained 42 7% of mercury, that is, a ratio of 
introduced mercury atoms to original methoxyl groups of 1 1. 


The presence of ethylenic bonds in lignin has not been definitely established. 
To account for the formation of a stable lignin sulphonic acid Klason (22, 23, 
24) assumed that a double bond is present and that! addition takes place to 
it as follows: 


—C=C— + H3SO1 



If the addition took place to a carbonyl group there would result an unstable 
sulphonic acid (21) from which sulphurous acid could be split off readily. 
Actually it is found that the greater part of the sulphur is firmly bound, 
apparently in the form of a stable sulphonic acid. The formation of a sul¬ 
phonic acid does not definitely prove the presence of an ethylene bond, for 
there are other possibilities such as the sulphonation of a benzene nucleus (25), 
or the addition to a double bond formed during the reaction by the splitting 
off of water (10, p. 128). 

The fact that gaseous chlorine, in the absence of moisture, has no appreciable 
action on wood, or on lignin, even at 80° C. is fairly good evidence of the 
absence of double bonds. On the other hand, Baur (2, 3, 4) has shown that 
many unsaturated compounds in which the double bonds are conjugated 
with benzene nuclei do not add halogen or only very slowly. 

Many of the workers (5, 17, 19) who have obtained halogen derivatives 
of lignin have used aqueous or moist gaseous halogens, that is, they have 
employed conditions which favor oxidation and substitution rather than 
addition. Other workers (14, 15) have used solutions of dry halogens in 
non-aqueous solvents* but in nearly all cases have not distinguished between 
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substitution and addition. Thus the results of the halogenation experiments 
are) in general, meaningless as regards the determination of ethylenic linkages 
in lignin. 

A similar uncertainty exists regarding the question whether or not the 
nucleus of the lignin molecule is of an aromatic nature. It has been established 
that small amounts of aromatic compounds are formed on fusion with alkali, 
or on dry distillation, but this is not a certain proof of the presence of an 
aromatic nucleus since, in reactions of this kind, hydro-aromatic or even 
aliphatic compounds could easily be converted to aromatic derivatives by 
oxidation and loss of water. Moreover, since the amount of aromatic con¬ 
stituents isolated is usually small (less than 10%), these reactions convey 
relatively little enlightenment regarding the nature of the greater part of the 
lignin molecule. 

Brauns and Hibbert (6, 7) have shown that native lignin with a "building 
unit” having a molecular weight of about 872 contains five hydroxyl groups, 
one of which can be methylated with diazomethane. This is supporting 
evidence for the presence of a phenolic hydroxyl group, although the reaction 
could also be given by an enolic hydroxyl group, as well as certain other 
derivatives, for example kojic acid (1) and ascorbic acid (18). 

The usual methods for the determination of the structure of aromatic 
compounds have failed when applied to lignin. With halogenation, the 
results are complicated by partial loss of methoxyl groups (11, 13) and, if 
moisture is present, also by oxidation changes. Lignin is readily nitrated but 
simple derivatives are not obtained, owing to the fact that lignin is so readily 
oxidized and also because the introduced nitrogen is in the form of ester 
nitrogen (NOj), nitrosonitrogen (NO), as well as in the form of nitro (NQ») 
groups (20). 

Since the classical structural methods have, over a long period of years, 
yielded only questionable information regarding the unsaturation, both 
ethylenic and aromatic, it would appear that further enlightenment must 
come through the application of new reagents. 

The use of lead tetra-acetate as a reagent for the determination of un¬ 
saturated linkages in lignin was first investigated by Freudenberg and co¬ 
workers (11). They obtained from “Freudenberg lignin” a derivative with 
an acetyl content of 5.7%, corresponding to the addition of 7.8% acetoxyl, or 
to one ethylenic linkage per eight methoxyl groups. Freudenberg (10, p. 127) 
has, however, suggested that double bonds may not actually exist in lignin, but 
that they may be formed by splitting off water, prior to additioq»taking place. 

In the present investigation the action of lead tetra-acetate on glycol 
lignin was investigated and, in order to eliminate the possibility of the formation 
of double bonds, completely methylated glycol lignin (OCHj, 31,35%; cor¬ 
rected for glycol, 30.4%) was used. After heating the latffer in dioxane 
solution for five hours with lead tetra-acetate the isolated product had an 
acetyl content of 7.45%, a methoxyl content of 24.85% (uncorrected), and 
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it contained lead also. The lead was removed by allowing the product to 
stand in a mixture of acetic anhydride and pyridine for one day. After 
purification, analyses showed an acetyl content of 8.35%, and a methoxyl 
content of 26.7%, uncorrected, or 25.9%, corrected for the effect of glycol. 

Since the reaction was not repeated owing to lack of material, it cannot be 
decided whether the reaction was complete. Therefore no conclusions can 
be drawn regarding the ratio of acetoxyl introduced to methoxyl content. 

However, since lead tetra-acetate is capable of replacing labile hydrogen 
atoms by acetoxyl groups (9), and very little is known regarding the structure 
of the lignin molecule and the presence or absence of such labile atoms, no 
definite conclusion at the moment can be reached in this matter. 

Mercuric acetate, employed according to the method of Dimroth (8, 9), 
is one of the best reagents for indicating the presence of an aromatic ring 
structure. Under its influence the mercuri-acetoxyl (—HgOOCHj) group 
is introduced into the ring. 

Freudenberg (11) was the first to use this reagent in connection with lignin 
investigations. Treatment of a partially methylated Freudenberg lignin 
(OCHs, 28%) yielded a product containing 33% of mercury. The original 
material, as well as the derivative so obtained, was insoluble in all solvents. 
The latter substance had a methoxyl value of 13 8% as compared with a 
theoretical value of 16 0% calculated on the assumption that the only 
reaction taking place was the replacement of hydrogen in the nucleus by the 
mercuri-acetoxyl radical. 

In the present investigation conditions were more favorable inasmuch as 
both the original lignin product and its reaction product were soluble in 
organic solvents, thus enabling the reaction to be carried out in a homogeneous 
solution. Under these conditions the completely methylated glycol lignin 
(OCHs, 31 35%; corrected for glycol, 30 4%) yields a mercuri-acetoxyl 
derivative, in which the methoxyl contents throughout the course of the 
reaction are seen (Fig. 1) to be in close agreement with the theoretical 
values based on the assumption that the sole reaction is the substitution of 
hydrogen by mercuri-acetoxyl groups. 

Despite the fact that the reaction was carried out in homogeneous solution, 
the rate was much slower than that found by Freudenberg. This may be 
due to the fact that Freudenberg used an incompletely methylated lignin. 
In Fig. 1 curves are shown for two mercurization experiments. In Experiment 
1 the mercuric acetate was renewed frequently during the initial period when 
the rate of reaction Was greatest. In Experiment 2 the mercuric acetate was 
not renewed during the first 15 hr., with the result that the reaction took 
place more slowly. 

Repeated mercurization yields a product with a final mercury content of 
42.7% and a corrected methoxyl content* of 13.52%. (The actual OCH$ 

value was 13.92%.) On the basis of a molecular weight of 986.5 (6, 16) 
f 

* Corrected for the influence of glycol on the methoxyl determination (J6). 
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for fully methylated glycol lignin, the introduction of five mercuri-acetoxyl 
groups would require a mercury content of 43 8% and a methoxyl value 
of 13.6%. 

The presence of aromatic rings, or of heterocyclic ring derivatives capable 
of functioning in an analogous manner, is thus indicated. If the reaction is 
due to the presence of benzene rings, five of these would be indicated, since, 
with aromatic compounds containing no free hydroxyl groups, the general 
action of mercuric acetate in alcohol is to introduce only one atom of mercury 
into an individual ring. 



Fig 1. Mercurization of fully methylated glycol hgntn (the mercuric acetate was renewed after 
each analysts) 


In the case of furane rings such a generalization cannot be made. The 
mercurization of these compounds has not been studied as clo^ly as with 
aromatic compounds, but the available data show that the number of mercury 
atoms that can be introduced varies markedly with the nature of the 
substituent. 

Since a molecular weight of 916 for the original glycol lignin corresponds to 
a unit containing five methoxyl groups, the ratio of the number of mercury 
atoms introduced to the number of original methoxyl groups is nearly 1:1, 
independently of the size of the formula adopted. Freudenberg found only 
0 8 atoms of mercury per original methoxyl group (12). ^ 

The results of the mercurization experiments also indicate the absence of 
reactive ethylenic linkages. With an ethylenic linkage the typical reaction 
of mercuric acetate in absolute ethyl* alcohol is the addition of an ethoxyl and 
a mercuri-acetoxyl group (8, 9). f 

CjH,OH + Hg(OAc), + —C=C-+ HOAc , 

ic.H. llgOAc 
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while actually, in the mercurization of methylated glycol lignin, all the 
methoxyl values found are in close agreement with the assumption that no 
ethoxyl has been introduced, the only reaction taking place representing a 
substitution of nuclear hydrogen by —HgOAc groups. 

This is the first known case of a substitution reaction for lignin not involving 
loss of methoxyl. The reaction would appear to be valuable for structural 
purposes for the following reasons: (a) there is no loss of methoxyl groups; 
( b ) the product formed is soluble in organic solvents; (c) the number of 
atoms of mercury introduced bears a simple stoichiometrical relation to the 
number of methoxyl groups present. 

It would seem that very definite and reliable structural information should 
be yielded by (i) an investigation of the reactions of the fully mercurized 
product, and (ii) a study of the mercurization of compounds the known struc¬ 
tures of which are thought to be similar to that of lignin. 

( 

Experimental 

Treatment of Fully Methylated Glycol Lignin with Lead Tetra-acetate. 

Fully methylated glycol lignin (0 S gm.; OCH 3 , 31 35%; corrected, 30 4%) 
was dissolved in 5 cc. of dry dioxane, and mixed with 1 8 gm. of lead tetra¬ 
acetate dissolved in 20 cc. of the same solvent. The mixture, protected from 
moisture, was heated at 50° C. for five hours. After cooling, and centrifuging, 
the small residue, apparently a mixture of lead acetate and lead dioxide was 
extracted with dioxane. The combined solutions were poured into 300 cc. 
of ice-water containing 30 cc. of glacial acetic acid, and the precipitated 
product centrifuged, washed in the centrifuge tube twice with 10% acetic 
acid, then three times with distilled water and dried. Yield, 0 65 gm. 

The crude, dry product was dissolved in 5 cc. of dry benzene, the solution 
(about 7 cc.) filtered and added dropwise to 70 cc. of well stirred dry ether. 
The precipitate was centrifuged, washed in the centrifuge tube three times 
with ether, twice with petroleum ether (b.p. 30-50° C.), and dried, yielding a 
buff-colored powder having a somewhat more brownish tint than the original 
material. Yield, 0 50 gm. Found: Acetyl, 7.45%. (Acetoxyl, 10.20%.) 
The product contained lead. 

In order to remove this, the substance was dissolved in a mixture of pyridine 
and acetic anhydride, and after the solution had stood for 24 hr at room 
temperature it was poured on to cracked ice, dried and purified as before. 
The ash conjsetfit was then only 0 20%. 

Analysis (corrected for ash-free product):— Calcd. for CeHitO«(OCHs)t 

(och^:h 50 ch,)(ococh,) s [1104.5]: och», 28.0%; ch,co, 7.8%; 

(OCOCH*), 10.7%. Found:— OCH,, 26.7, 26.7; corr. 25.9; CHiCO, 8.3; 
OCOCHi, 11.4%. 
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The Mercurization of Fully Methylated Glycol Lignin 

Two lots of fully methylated glycol lignin (OCH,, 31.35%; corrected, 
30.4%) were subjected to repeated mercurization, following the procedure 
and purification described for the first mercurization. The methoxyl and 
mercury values obtained after each treatment are given in the Table in Fig. 1. 

Methylated glycol lignin (1.0 gm.) was dissolved in a warm mixture of 
10 cc. of absolute alcohol and 1 cc. of dioxane. Mercuric acetate (3 gm.) 
(Kahlbaum) was dissolved in a mixture of 30 cc. of absolute alcohol and 1.5 cc. 
of glacial acetic acid (the latter being added to prevent hydrolysis), the hot 
solution filtered and added to the solution of the methylated lignin. The 
mixture was refluxed on a water bath for 60 min. On cooling, some lignin 
material separated out. This was redissolved by adding about 5 cc. of 
dioxane; the solution was filtered to remove a small amount of inorganic 
salt, and the clear solution then added dropwise to 350 cc. of 2% acetic acid 
stirred mechanically. The precipitated mercurized methylated lignin was 
separated by centrifuging, washed five times by stirring with 1% acetic acid 
and then centrifuged. The last two washings on testing showed no trace 
of mercury. The mercurized product was dried to constant weight in a 
vacuum desiccator over sulphuric acid and sodium hydroxide. It was a 
fawn-colored powder. Yield, 1.35 gm. 

The crude, dry product was purified by dissolving in 7 cc. of dioxane, 
filtering through a small Black Ribbon filter (Schleicher and Schiill), and 
the combined solution and washings (10 cc.) were added dropwise to 100 cc. 
of ether stirred mechanically. The precipitate was washed three times by 
stirring with ether, and centrifuging, and then twice in a similar way using 
petroleum ether (30-50° C.). The precipitate was allowed to stand over¬ 
night in the petroleum ether used for the final washing. The product was 
dried in a vacuum desiccator over sulphuric acid and sodium hydroxide. 
It was a fawn-colored powder. Yield, 1.1 gm. Analysis of the final product:- 
Calcd. for CeH, 7 0,(0CH,) 9 (0CH,CH,0CH,)(Hg0CCK:H,) # (2M9.6): OCH,, 
13.9%; Hg, 43.8%; CH,CO, 9.4%. Found: OCH,, 13.9, 14.0% (cor¬ 
rected, 13.5, 13.6%); Hg, 42.7%; CH.CO, 8.4%. 
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STUDIES ON LIGNIN AND RELATED COMPOUNDS 

XV. PHENOL GLYCOL LIGNIN 1 
By Fritz Brauns 2 and Harold Hibbert* 


Abstract 

Phenol condensation products of glycol lignin, of a premethylated and a fully 
methylated glycol lignin have been prepared. In each case it has been found 
that, on the basis of the five methoxyl groups present in the original glycol 
lignin, three molecules of phenol react with one lignin unit by nuclear con¬ 
densation, and when the product is worked up immediately no loss of methoxyl 
groups occurs. With the fully methylated glycol lignin in one experiment, 
some of the methoxyl groups were removed but the hydroxyl groups thus 
formed could not be remethylated with diazomethane, thus indicating their 
probable aliphatic character. Quercetin does not give a phenol condensation 
product under the same conditions. 


Introduction 

As shown in the following paper (2) lignin can be extracted from wood 
meal by heating with phenol at a low temperature in the presence of dry 
hydrogen chloride as catalyst, yielding the so-called “phenol lignin”. The 
structure of this compound and the mechanism of its formation are still 
unknown, in spite of the number of recent investigations (4, 6) carried out 
on the subject. It was pointed out previously (1) that in this reaction one 
phenol molecule reacts with the lignin to form a compound having an ether 
linkage, and three other phenol molecules react stoichiometrically with a 
lignin unit containing five methoxyl groups. Additional proof of this is now 
provided in the experimental results described in this paper. When glycol 
lignin is heated with phenol in the presence of a trace of hydrochloric acid, 
the color of the phenol lignin solution changes immediately from a reddish- to 
a violet-brown. The isolated and purified phenol glycol lignin (Formula I) has a 
methoxyl content of 13 1%, that of the original product being 16.9%. This 
decrease corresponds exactly with the entrance of three phenol groups into 
a lignin molecule having the structure C^H^Ofl^CHsMOHMOCHaCHiOH). 
3C«H&OH. In glycol lignin the hydroxyl group capable of etherification by 
means of alcohol and hydrochloric acid has been replaced by a glycol group, 
and the three phenol molecules must therefore have all undergone nuclear 
condensation, thus introducing three new free phenolic hydroxyl groups. 
This*is shown by the methylation experiments with diazomethane, as well 
as by the results obtained on benzoylation. Methylation with diazomethane 
indicates that, in addition to the probable presence of one phenolic hydroxyl 
group in the original glycol lignin, there are present three new phenolic 
hydroxyl groups originating from the three newiy entering phenol molecules. 

1 Manuscript received March 21< 19$5. 

Contribution from the Division of Industrial and Cellulose Chemistm t Pulp and Paper 
Research Institute , McGill University , Montreal , Canada , with financial assistance from the 
Canadian Pulp and Paper Association . 

* Research Chemist and holder of Canadian Pulp and Paper Association Fellowship . 

* Professor of Industrial and Cellulose Chemistry , McGill University . 
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The presence of other free non-phenolic hydroxyl groups is indicated by the 
formation of an acetyl derivative on acetylation of the diazomethane- 
methylated product. The values calculated from the formulas adopted in 
the experimental part are based on the formula for glycol lignin derived in 
an earlier paper (1). 

Diazomethane-methylated glycol lignin was treated with phenol in a 
similar manner, and here also it was found that, with each lignin unit con¬ 
taining six methoxyl groups present in the diazomethane-methylated glycol 
lignin, three phenol molecules react to give a phenol condensation product 
containing three (new) phenolic hydroxyl groups, as shown by formation, on 
benzoylation, of a benzoylated phenol methyl glycol lignin containing seven 
benzoyl groups. 

Finally it was of interest to ascertain whether the remaining three free 
hydroxyl groups in glycol lignin play any part in the condensation reaction 
with phenol. Fully methylated glycol lignin (OCH», 31.5%) was therefore 
condensed with phenol in the usual manner. In the first experiment the 
reaction product was not purified immediately, and it was found later, from 
the analytical data, that approximately two methoxyl groups bad been split 
off, a fact confirmed by the subsequent methylation experiment with diazo¬ 
methane in which the three new phenolic hydroxyl groups were methylated 
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(Formula V). On benzoylation of the latter product in pyridine solution with 
benzoyl chloride another methoxyl group was removed and substituted by 
a benzoyl group as shown by analysis. This was also confirmed by the strong 
smell of methyl benzoate in the precipitated product. For a compound con¬ 
taining eleven methoxyl and two benzoyl groups, the calculated methoxyl 
value is 22 9%; for one containing ten methoxyl and three benzoyl groups 
the calculated methoxyl value is 19.6%. The latter value agrees very well 
with that found. In a second experiment, in which the product was worked 
up immediately, a phenol glycol derivative was obtained which still contained 
all the original methoxyl groups. 

In recent publications (3, p. 136; 5) the suggestion has been made that lignin 
contains oxygen rings of the catechin, pyrone or flavone types. It seemed 
of interest, therefore, to examine the behavior of quercetin towards phenol 
and anhydrous hydrogen chloride under the same conditions as those used 
in the preparation of phenol lignin. No condensation was found to occur, 
thus indicating that the reaction with phenol is due to the presence of group¬ 
ings other than those of a flavone type. 

Experimental 

Action of Phenol on Glycol Lignin 

Glycol lignin (2 gm.) was dissolved in phenol (25 gm.), the solution heated 
on the water bath to 80° C., and 5 cc. of an ether solution containing 5% 
anhydrous hydrogen chloride added. The reddish-brown solution immediately 
turned a violet-brown. This solution was heated for 10 min., and an addi¬ 
tional 2 cc. of the ether-hydrogen chloride solution was added. Heating was 
then continued for 10 min., and the same amount of the ether-hydrogen 
chloride solution was again added. After heating for a further period of 
10 min. the phenol was distilled off as much as possible under reduced pressure 
at a temperature not over 85° C. The residue was dissolved in methyl alcohol 
and the solution poured into distilled water, the powdery precipitate filtered, 
washed with water and dried in a desiccator over sodium hydroxide and 
sulphuric acid. Yield of crude phenol compound, 2.8 gm. It was dissolved 
in dioxane, the solution centrifuged and filtered, and the product precipitated 
by adding the solution dropwise to dry ether, and stirring vigorously. It 
separated out as a fine light-violet-brownish powder, which was washed twice 
with ether, then three times with petroleum ether, dried and analyzed. Found: 
OCH*, 13.1%*. Calcd. for C«H M 0»(0CH,) t (QH) 4 (0CH s CH s 0H). 3C.H.OH, 
(1198.6] (Formula I): OCH,, 13.0%. 

Repeated phenolation brought about no change in composition. The phenol 
glycol lignin is soluble in dioxane, acetone, pyridine, dilute sodium hydroxide 
solution, insoluble in benzene, ether, petroleum ether and water. 

In a second experiment 7 gm. of glycol Itgnih was phencfeted in the same 
manner. Yield after two phenolations, 7.5 gm. Found, OCHs, 13.5%. 

*No correction has boen appjpieifor the slight increase in value due to the presence of the glycol 
radical, as this falls well ouistde the limit of experimental error for the products in question. 
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Methylaiion of Phenol Glycol Lignin with Diazomethane 

Phenol glycol lignin (Formula I) (2 gm.; OCHa, 13.5%) was twice methyl¬ 
ated and wlas then found to be no longer acted upon by the methylating 
reagent. Found: OCHa, 23.1%. Analysis after a third methylation:—Found: 
OCH», 23.2%. Calcd. for C«H„0,(0CH,)a(0H),0CHjCH s 0H. 3C«H s OCHa, 
[1254.6] (Formula II): OCHa, 22.3%. 

Acetylation of Phenol Glycol Lignin Premethylated with Diazomethane 

Diazomethane-methylated phenol glycol lignin (1.3 gm.) was dissolved in 
dry pyridine (15 cc.). Acetic anhydride (10 cc.) was added, and the mixture 
allowed to stand at room temperature for 40 hr. It was poured on to ice, 
the precipitated product filtered and purified by precipitating from dioxane 
solution into ether. Found: OCH 3 , 21 . 2 %. 

Benzoylation of Phenol Glycol Lignin 

Phenol glycol lignin (1 gm.) was benzoylated using lb cc. of pyridine and 
3 gm. of benzoyl chloride at room temperature. After 48 hr. the mixture 
was poured on to ice and the solution extracted with chloroform. The chloro¬ 
form solution was washed successively with dilute sulphuric acid, water, 
potassium bicarbonate solution, and water, a'nd was finally dried with mag¬ 
nesium sulphate. The product was precipitated by pouring the chloroform 
solution into dry ether, from which it separated out as a fine, dry, brown 
powder. Found: OCHa, 7.5%. Calcd. for C4 2 Ha20,(OCHa) 6 (OCOC # H t )« 
(OCH 2 CH 2 OCOC.H.) . 3C.H.OCOC.H., [2030 8]: OCHa, 7.6%. 

Phenol Compound of Glycol Lignin Premethylated with Diazomethane 

Glycol lignin (2 gm.) was premethylated with diazomethane and then 
phenolated in the same manner as that used with glycol lignin and the crude 
product (2.5 gm.) purified, using dioxane and ether. The dioxane ether 
solution was completely colorless. Found: OCHa, 16 1 %. Calcd. for 
C«H M 0«(OCH,)e(OH)aOCH,CH 2 OH . 3CeH.OH, [ 1212 . 6 ]: OCHa, 15.4%. 
The product has the same solubility relations as the corresponding glycol 
lignin derivative. 

Benzoylation of the Phenol Derivative of Glycol Lignin Premethylated with 
Diazomethane 

The above-mentioned phenol derivative of the premethylated glycol lignin 
(1 gm.) was benzoylated and purified as described above for the benzoylated 
phenol glycol lignin. Yield, 1.1 gm. Found: OCHa, 9.5%. Calcd. for 
C«tt,»Oe(OCHi).(OOCC,H.),(OCH 1 CH J OOCC,H.) . 3C,H.OOCC,H., 
[I’WP. 9] : OCHa, 9.6%. The product is a finely divided, light-brown powder, 
soluble in dioxane, acetone, pyridine, glacial acetic acid, and insoluble in 
ether, petroleum ether, water and dilute sodium hydroxide. 
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Phenol Derivative of Fully Methylated Glycol Lignin 

Experiment I 

Fully methylated glycol lignin (2.5 gm.) was dissolved in 25 gm. of 
phenol and the solution heated to 80° C., and 2 cc. dry ether containing 
2.5% anhydrous hydrogen chloride added. After 10 min., 0.5 cc. of the 
ether-hydrogen chloride solution was added and the same amount again 
after a further 10 min. After heating for 30 min. in all, since the mixture 
could not be worked up the same day, it was allowed to stand overnight. 
The phenol was then distilled off, the residue dissolved in a mixture of methyl 
alcohol and acetone (1:1) and the product precipitated by pouring the 
solution into distilled water. The crude product (2 8 gm.) was purified 
from dioxane and ether. Found: OCH s , 20.5%. Calcd. for C4 jH»*0*(OCHj)» 
(OCHjCHjOCHj) . 3C 8 H 8 OH, [1268.6]: OCH*. 24.45% Calcd. for 
C«H„0«(0CH,)7(0H) 2 (0CH 2 CH 2 0CH s ) . 3C,H 6 OH, [1240 6] (Formula 
IV): OCHj, 20.1%. This value is in agreement with the assumption of a loss 
of two methoxyl groups during the phenolation. 

The product was then methylated with diazomethane. The above- 
mentioned phenol compound of fully methylated glycol lignin (1.75 gm.) 
was methylated repeatedly in dioxane solution with diazomethane and the 
product purified, using dioxane and ether. Prior to analysis it was washed 
twice with ether, three times with petroleum ether and dried. Yield, 1.8 gm. 
Found: OCH 8 , 26 7%. Calcd. for C 42 Ha 2 0 8 (0CH s ) 7 (0H) 2 . OCH 2 CH 2 OCH*. 
3C 8 H 8 OCH 8 , [1282.7] (Formula V): OCH 8 , 26.6%. 

A portion (0 7 gm.) of the diazomethane-methylated product was benzoyl- 
ated bv dissolving it in a mixture of 6 cc. pyridine and 3 cc. of benzoyl chloride. 
After it had stood for 48 hr. at room temperature, the product was poured On 
to cracked ice. A sticky mass separated out which smelled strongly of methyl 
benzoate and did not solidify even after washing with water. On mixing 
with ether the product solidified, and the powdery product was filtered, dried, 
and purified from dioxane and ether. Yield, 1 gm. Found: *OCH 8 , 19.6%. 
Calcd. for C«H 82 0 8 (0CH 8 ),(00CC 8 H 8 ) 2 . OCH 2 CH 2 OCH 8 .3C 8 H*OCH 8 , 
[1490 6]: OCH 8 , 22 9%. Calcd. for C 48 H„0 8 (0CH 8 ) 8 (00CC e H»)i. 
OCH 2 CH 2 OCH 8 .3C 8 H 8 OCH 8 , [1580 7] (Formula VI): OCH 8 , 19 6%. The 
methoxyl value found is seen to be in good agreement with the assumption 
of jhe removal of one methoxyl group and its replacement by a benzoyl 
group together with benzoylation of the two free hydroxyl groups. 

Experiment II 

Fully methylated glycol lignin (2 5 gm.),dissolved in 20 gm. of 
phenol, the solution heated to 80° C. and 1 cc. of dry ether containing 2.5% 
of hydrochloric acid added. The mixture was treated in the same manner 
as in Experiment I. After the reaction was finished, the^excess of phenol 
was distilled off immediately, the residue dissolved in acetone and the reaction 
product precipitated by adding the solution dropwise to distilled water. 
The yellowish-brown precipitate was filtered and dried (yield, 3 gm.). It 
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■was dissolved in 30 cc. of dioxane and precipitated in well stirred, dry ether. 
Found: OCHj, 24 1%. The methoxyl value did not change on repeating 
the phenolation, as shown by the following figures:—Found: OCHi, 24.5%. 
Calcd. for CaHaO.COCH^.fOCHjCHjOCH,). 3C # H»OH, [1268.61 (Formula 
VII): OCH,, 24 4%. 

Methylation of Phenol Diazomethane-methylated Glycol Lignin (Formula III) 
with, Dimethyl Sulphate and Sodium Hydroxide 
The above-mentioned phenol diazomethane-methylated glycol lignin (3 gm.) 
was methylated further in acetone solution with dimethyl sulphate and 
sodium hydroxide (30%) at room temperature. After the first methylation 
the acetone solution was separated from the aqueous layer and the product 
remethylated in the same way. A sample was then isolated and purified. 
Found: OCH,, 29.9%. 

This value did not change after treatment of the product with acetic 
anhydride and pyridine, indicating the absence of free hydroxyl groups. 
Yield, 3 gm. Calcd. for C«Ha,0«(0CH,) 9 0CH 2 CHi0CH,. 3C.H.OCH,, 
[1310.7] (Formula VIII): OCH,, 30 7%. 

Action of Phenol on Quercetin in Presence of Hydrochloric Acid 
Quercetin (2 gm.) was suspended in 20 gm. of .molten phenol, the mixture 
heated in a water bath to 85° C. and then 5 cc. of ether containing 0 03 gm. 
anhydrous hydrogen chloride added. The mixture was maintained for 
10 min. at the same temperature and shaken frequently. A second 5 cc. of 
the ether-hydrogen chloride solution was then added, and the mixture heated 
for a further 10 min. This was followed by a third similar treatment, the 
total time of heating at 85° C. being 30 min. No such change in the color 
of the solution or of the quercetin took place as was observed in the case of 
the lignin derivatives. The phenol was distilled off under reduced pressure, 
the yellowish powdery residue washed with water and dried in a desiccator 
over sulphuric acid. Yield, 2 gm.; m.p., 310° C.; m.p. of quercetin, 312-313° 
C.; mixed m.p., 311° C. The quercetin was recovered unchanged. 
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STUDIES ON LIGNIN AND RELATED COMPOUNDS 

XVI. PHENOL LIGNIN FROM SPRUCE WOOD, FROM FREUDENBERG SPRUCE 
LIGNIN AND WILLSTATTER SPRUCE LIGNIN 1 * * 

By Irene Koerber Buckland*, Fritz Brauns* and Harold Hibbert 4 


Abstract 

The condensation of lignin with phenol by treatment of spruce wood meal 
with this solvent, using hydrogen chloride as catalyst, yields two chemically 
different phenol lignins, namely, an ether-insoluble and an ether-dioxane- 
soluble phenol lignin, in a ratio of approximately 3 to 1. Duplicate preparations 
gave the same yields of these two fractions, analyses of which gave concordant 
results, indicating homogeneity and constancy of composition. 

The analytical results of the ether-insoluble phenol lignin, and of its methylated 
and acetylated derivatives, can be interpreted on the basis of the Brauns-Hibbert 
formula for the *'‘native” lignin unit. It is found, in this way, that the ether- 
insoluble phenol lignin contains three new free phenolic hydroxyl groups capable 
of methylation with diazomethane, while one phenol group has reacted with 
one hydroxyl group in the lignin unit with formation of a phenyl-oxygen ether 
linkage. 

The analytical results of the ether-dioxane-soluble phenol lignin indicate 
that a much larger quantity of phenol has condensed with the “native” lignin 
building unit than in the case of the ether-insoluble fraction. The exact number 
of phenol molecules reacting to form this condensation product has not been 
determined experimentally although calculations based on analytical data 
point to a number as large as 15 or 21. 

The phenol condensation products were obtained from Freudenberg and 
Willstfttter lignins in nearly quantitative yield and found to differ from the 
directly extracted phenol lignin in that neither of them could be resolved into 
two fractions, thus indicating that some change had taken place in the native 
lignin during the isolation process. The Brauns-Hibbert formula can also be 
applied to interpret the experimental data in both cases. These lignins appear 
to contain the same fundamental building unit as the ether-insoluble phenol 
lignin fraction isolated directly from spruce wood, with the difference that the 
former probably have one additional hydroxyl group capable of acetylation and 
diazomethane-methylation. 

The correlation found to exist in the present investigation between the phenol 
condensation products from native spruce lignin, isolated Freudenberg lignin 
and Willst&tter lignin is regarded as providing definite experimental evidence 
indicating the presence of a chemical unit common to various lignins. The 
phenol condensation products, it is considered, may serve as valuable reference 
, compounds for proving the identity of lignins obtained from different sources 
and by use of different chemical reagents. 

1 Manuscript received March 21 , 1935 . 
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Introduction 

This communication is the first of a series to be published on the chemistry 
of phenol derivatives of spruce lignin, and a brief historical survey on pheno! 
lignin seems desirable. 

The basis of all the work on the extraction of lignin from wood by means 
of phenols is to be found in Biihler’s patent (5, 6) relating to the’isolation of 
a pure cellulose from wood. Biihler found that phenols at a temperature 
greater than 150° C. dissolve the resins, lignified material and other so-called 
incrusting materials in wood, leaving the cellulose as an insoluble residue. 
Increased pressure and temperature promoted the solvent action (7). Renker 
(24, p. 81) found that />-cresol was a good solvent but not as efficient as phenol. 
Hartmuth (12) in 1919 discovered that small amounts of hydrochloric acid 
catalyzed the rate of extraction. Kalb and Schoeller (17, 18) in 1920 took 
out a patent for converting lignified vegetable tissues into soluble material 
by means of phenol in the presence of traces of mineral acids. They claimed 
that the catalyzing effect of the acid was due to the presence of hydrogen 
ions. Legeler (21) showed that 0.03% hydrogen chloride (calculated on the 
weight of phenol used) is sufficient to bring about a solution of the lignin in 
15 min., while without the acid the lignin extraction occupied more than 
seven hours. The best results were obtained with anhydrous phenol. The 
first systematic study of phenol lignin was made by Hillmer (14). He deter¬ 
mined the solubility of “native,” unchanged lignin as present in wood, as 
well as that of an isolated lignin (Willstatter), in a comprehensive series of 
aromatic hydroxy derivatives, both in presence and absence of mineral acid. 
The effect of the substitution of groups in phenols on the solubility of lignin 
was also studied. In general, Hillmer’s experiments show that the delignifi- 
cation of wood, or the solution of isolated lignin, is best effected by the use of 
(i) a phenol with two hydroxyl groups, (ii) a hydroxy benzoic acid, or (iii) a 
phenol containing a nitro, chlorine, bromine, or aldehyde group, meta or para 
to the hydroxyl. 

The general method for the preparation of phenol derivatives of lignin 
consists in treating the dried wood meal, or isolated lignin, with 10 parts of 
molten anhydrous phenol in the presence of small amounts of catalyst. 
Legeler (21) used an ether solution containing 0.03% hydrogen chloride 
calculated on the weight of phenol, while Hillmer (14) used 1% of a mineral 
acid or 0.2% iodine as catalyst. 

The mechanism of the reaction between phenol and lignin is far from 
settled. Hillmer (14) offered the following theory. When, for example, 
£-cresol, o-nitrophenol or w-hydroxy benzoic acid is used to dissolve the 
lignin, then, in the nitrophenol lignin, nitrogen can be detected; in the 
chlorphenol lignin, chlorine; and, in the w-hydroxy benzoic acid lignin, a 
carboxyl group. It was found that only those compounds containing a free 
phenolic hydroxyl group are capable of reacting in this way. Hillmer (14) 
suggested that there exists in the lignin complex a reactive oxygen atom in 
the form of a ketone, aldehyde or hydroxyl group. He assumes that there is. 
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a keto group present capable of existing in an enol form in order that the 
phenol molecule can condense with this by splitting out two molecules of 
water to form a new benzene nucleus. 



In this case the number of free (OH) groups is the same before and after 
conversion of the lignin into the phenol derivative. But it has been shown 
definitely that there are new phenolic hydroxyl groups present in phenol 
lignin. The reaction must therefore be postulated in such a way that the 
phenolic hydroxyl remains unchanged. The assumption that there is a loose 
molecular combination between the phenol and the lignin is disproved by the 
fact that up to the present time it has been impossible to decompose the phenol 
lignin into the original compounds by solvents, or mild chemical processes. 
Wedekind and co-workers (29) suggested that the hydrogen atom para to 
the hydroxyl group in the phenol reacts with the lignin complex. This re¬ 
action can be postulated as taking place either by the saturation of a double 
bond in the lignin complex, the para hydrogen going to one carbon of the 
double bond and the phenol residue to the other, or by the condensation of 
the para hydrogen of the phenol with a hydroxyl group of the lignin molecule 
* with the elimination of water. The first view is supported by the work of 
Schrauth and Quasebarth (26) on the condensation of phenols with cyclic 
hexenes. They found, by using the method of Konigs (19, 20), that it was 
possible to condense cyclohexene with phenol to give a p-c yclohexene phenol. 
The more highly substituted cyclic hexenes and terpene derivatives gave 
increasing yields of alkali-soluble phenol condensates. Cross and Bevan (8), 
Jonas (15), and Schrauth (25, 26) have all presented formulas for lignin 
with such ring systems. On the other hand, Niederl and Smith (23, 28) have 
studied the addition of phenol to ethylenic linkages as found in unsaturated 
ketones, alcohols, ethers, esters, aldehydes, and hydrocarbons. In all cases 
a catalyst such as concentrated sulphuric acid is essential for the reaction. 
According to their experiments no hydrogenated ring system such as that 
assumed by Konigs and by Schrauth and Quasebarth is necessary to explain 
the addition of phenol to unsaturated compounds. 

The'mechanism of the reaction between phenol and lignin has not yet been 
definitely proved. However, there is no doubt that the phenol reacts with the 
lignin in such a way that new phenolic hydroxyl groups appear in the lignin 
derivative, as proved in the present paper. * 

Discussion 

On extraction of spruce wood meal with phenol in presence of a trace of 
hydrochloric acid, the lignin is completely dissolved and a crud| phenol lignin 
is obtained in a yield of over 140%< This crude lignin can be fractionated by 
the use of dioxane and ether into two fractions, an ether-insoluble fraction 
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(A) (75%) and an ether-soluble fraction (B) of about 25%. When toluene 
sulphonic acid is used as catalyst a higher yield of ether-insoluble phenol 
lignin with the same methoxyl content as for Phenol Lignin A is obtained, but 
the reaction takes place much more slowly. The high yield of phenol lignin 
shows that a large amount of phenol must have reacted with the lignin, and 
the question arises as to the number of phenol groups introduced, and as to 
the manner in which the phenol groups are combined with the lignin mole¬ 
cule. Since it is known that in the action of methyl alcohol (3), glycol (11), 
glycol monomethyl ether (11), and cyclohexanol (1), one molecule of these 
alcohols reacts with the lignin to form an ether, it seems probable that one 
molecule of the phenol also reacts in the same manner. The remaining phenol 
molecules reacting with the lignin apparently enter the lignin complex in 
such a way that the phenolic hydroxyl groups are left uncombined. The 
number of these groups entering the lignin molecule in nuclear condensation 
was determined by Brauns and Hibbert (4). They showed that glycol lignin 
methylated with diazomethane, as well as the fully methylated glycol lignin, 
i gave with phenol, under the conditions used in the preparation of phenol lignin, 
phenol condensation derivatives in which three new ph'enolic hydroxyl groups 
have been introduced into the respective phenol lignin condensation products. 
The whole matter becomes clearer on applying the formula proposed by Brauns 
and Hibbert as a working hypothesis. These authors derived from their 
analytical results a building unit for native lignin of C«H» 20 «( 0 CH*) 6 ( 0 H)» 
with a molecular weight of 872 (2). For a phenol lignin with one phenol- 
ether linkage and three phenol groups present in nuclear condensation, the 
following formula may be postulated: C«HmO«(OCH*)»(OH) 4 (OC(Hs). 
3C*H»OH.* The theoretical methoxyl content of such a phenol lignin unit is 
12.6%, whereas that actually found for the ether-insoluble Phenol Lignin A is 
only 10.3%, and that for the ether-dioxane-soluble Phenol Lignin B is 5 3%. 
If it is assumed, however, that in the preparation of phenol lignin from 
spruce wood meal, one methoxyl group is split off, the theoretical methoxyl 
value of the product C«H k O ( (OCH,)«(OH) 6 (OC»H 6 ) 3C.H»OH would be 
10.2%. As a matter of fact, all the analytical values found for the various 
derivatives from the Phenol Lignin A are then found to be in agreement with 
the above formula. Phenol Lignin A can be readily acetylated with acetic 
anhydride and pyridine, resulting in a theoretical decrease in methoxyl con¬ 
tent from 10 2 to 8.0% (found 7.9%) and an acetyl value of 22 2%; found, 
23.1%. Methylation with diazomethane brings about an increase in meth¬ 
oxyl from 10.3 to 21.6%, a value which agrees with that calculated for 
C«HmO«(OCHj)*(OH)^3C»H». 3C«HjOCHi and corresponding to the en¬ 
trance of five new methoxyl groups (21.7%). The diazomethane-methylated 
Phenol Lignin A still contains free hydroxyl groups capable of acetylation and 
methylation. The fully methylated compound was prepared in two ways, 
(a) by the simultaneous deacetylation and methylation of the diazomethane- 
niethylated *and acetylated Phenol Lignin A; and (b) by simultaneous 

* Recent experiments also permit the possibility that ike Phenol, after spotting an oxygen ring, 
reacts with ether formation, forming a new phenolic hydroxyl group. 
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deaoetylation and methylatkm of the fully acetylated Phenol Lignin A. 
The average methoxyl content of both the products so obtained is 28.1%, 
while the value calculated on the basis of the proposed formula C«HnOt 
(OCHi)»(OC»H»). 3(C«H s OCH,) is 28.0%. 

The ether-soluble fraction, B, has a much lower methoxyl content (5.3%), 
and the assumption was first made (2) that in the case of Phenol Lignin B 
additional methoxyl groups have been removed. As a matter of fact if it is 
assumed that three instead of one are split off, (as in the case of Phenol Lignin 
A) the calculated value is 5.3%, the same as that found. This assumption, 
however, is disproved by the elementary analysis, as well as by the analyses 
of the derivatives. The high carbon content and the low methoxyl values 
show that considerably more phenol must have reacted with the lignin. 
The quantity of phenol that has reacted with one molecule of lignin can be 
calculated approximately from the analytical data. The probable assump¬ 
tion is that, as with Phenol Lignin A, one molecule of phenol reacts with the 
native lignin with formation of a phenol ether, one methoxyl group being 
split off in the process. Such an ether would have the following empirical 
formula: C«HBO«(OCHj) 4 (OH)*(OCeH»), [934]. The carbon content of this 
hypothetical compound is 66.8%. The carbon content of phenol is 76.6% 
and that found for Phenol Lignin B is 72.8%. If x molecules of phenol 
(m. w. 94) react with one molecule of the hypothetical lignin phenol ether 
without loss of water to give Phenol Lignin B, the molecular weight of the 
-latter will be (94x + 934). Since the carbon contents of phenol, the 
hypothetical phenol lignin compound, and of Phenol Lignin B are known, 
namely 76.6%, 66.8% and 72.8%, respectively, the following equation can 
be postulated: 

(94* X —) + (934 X —) - (94* + 934) X — 

\ 100/ V 100/ 100 

from which x — 15.6 (based on four OCH* groups). 

When the methoxyl content is used as the basis for calculation instead of 
the carbon content x would be 14.7 and 21 for four and five methqjcyl groups 
respectively. For a phenol lignin with 15 molecules of phenol and 5 methoxyl 
groups, a methoxyl value of 6.6%, instead of the found value of 5.3%, is cal¬ 
culated. If, however, as in the case of Phenol Lignin A, one methoxyl group is 
split off during the phenolation, the calculated methoxyl value becomes 5.3%, 
and the calculated carbon content 72.7%, in agreement with the experimental 
values found. The exact number of phenol molecules in cdmbination with the 
lignin cannot be determined on the basis of the experimental results at present 
available. Some of these, for example those relating to the diazomethane- 
methylated product, are in better agreement with the theory 'that Phenol 
Lignin B is composed of one molecule of lignin phenol ether and 15 molecules of 
phenol, while others, for example the acetylated derivative, agree closely 
with a Phenol Lignin B with 21 molecules of phenol. The ful|w methylated 
compound does not provide any clue to the structure since its methoxyl value 
is very dose to that of methylated phenol. 
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It is apparent that no great value can be attached to these conclusions in 
view of the very high molecular weights of the products involved, with conse¬ 
quent inability to apply the analytical results for carbon, hydrogen and 
methoxyl values in a satisfactory manner. 

Hillmer (14) and Hochfelder* mention the presence of a second phenol 
lignin but they did not isolate the pure product. 

There is no doubt that Phenol Lignin B is related in some way to the original 
lignin. The phenol cannot be loosely bound or adsorbed on the lignin, or 
otherwise it would certainly be removed during the methylation with dimethyl 
sulphate and alkali. The experimental results obtained in the present series 
of methylation reactions permit, however, of no justifiable speculation con¬ 
cerning the mechanism of the condensation of the phenol with the lignin to 
form the Phenol Lignin B. 

Phenol Derivatives of Isolated Lignins 

Phenol derivatives of isolated lignins were first made by Hillmer (14), using 
Willstatter lignin and alkali lignin, while Wedekind (29) condensed alkali 
lignin (lignic acid) and metalignin (the product obtained by extraction of 
spruce wood with 5% sodium hydroxide in an autoclave at 170° C.), but 
neither investigated the phenol products obtained. Willst&tterf as well as 
Freudenberg lignin (9, 10), when not dried previously, go readily into 
solution when heated with phenol. On treatment of the water-free suspension 
of the lignin in phenol with traces of hydrochloric acid at 80-90° C., the 
lignin swells and gelatinizes. After further heating, the product liquefies 
again and the lignin goes slowly and completely into solution. The isolated 
phenol lignin derivatives have the same properties as the Phenol Lignin 
A described above, but they differ from the latter in their higher methoxyl 
content, a difference which corresponds, on the basis of a molecular weight of 
about 1230, to one methoxyl group, thus indicating that in the case of the 
isolated lignins no methoxyl groups are split off. From these new phenol 
lignin derivatives, partially methylated, acetylated, and completely methyl¬ 
ated derivatives were prepared. It is remarkable that the phenol deriv¬ 
atives of Freudenberg lignin have a slightly lower methoxyl content than 
those of the Willstatter lignin. This may be due to the fact that the former 
still contains the methylene oxide group—an observation which is confirmed 
in the following paper (Part XVII). It is of especial interest that on methyl¬ 
ation of both phenol derivatives with diazomethane, products are obtained 
having a higher methoxyl content than the corresponding derivative of 
Phenol Lignin A. 

This higher methoxyl value corresponds approximately with one methoxyl 
group, but no explanation can be given at the present time for the appearance 
of a new hydroxyl group capable of methylation with diazomethane. Also, 
the methoxyl content of the fully methylated phenol derivatives of Freuden¬ 
berg and of Willstatter lignin is higher than that of Phenol Lignin A. Klason 

* Dissertation , Munich 1915 . Reviewed by Melander (22), 
fSee Reference (16 ). 
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lignin prepared according to the method of Hawley and Harris (13)* shows a 
behavior entirely different from that of Freudenberg and of Willst&tter lignin. 
In spite of a higher concentration of the catalyst and the application of a 
higher temperature it does not go into solution with phenol. It was therefore 
not investigated further. 

Experimental 

General Procedure for the Purification of Phenol Lignin Derivatives 
In order to avoid repetition, the general procedure for the precipitation 
and purification of the phenol lignin derivatives will be described in detail 
and then referred to as occasion arises. All the lignin derivatives synthesized 
were purified by successive precipitations until the methoxyl values of the 
product were found to be constant within the allowable experimental error 
(0.2%) for semi-micro Zeisel determinations on amorphous substances. 

The crude, dry phenol lignin derivative is dissolved in about ten times its 
weight of pure dioxane, the lignin solution centrifuged, filtered through a 
white ribbon filter (Schleicher and Schiill) and then added drop by drop to the 
rapidly and constantly stirred precipitating medium. Vigorous and efficient 
agitation is necessary in order to obtain a finely divided light-colored product. 
In general, a 10% solution of the lignin derivative will be found to require 
at least 8 to 10 volumes of precipitant. The precipitate is separated by 
centrifuging and the supernatant liquid decanted from the loose cake. The 
lignin precipitate is now mixed with more of the fresh, dry precipitating 
liquid (in general 200 cc. to about 5 gm. lignin), and the mixture well stirred 
before the addition of more lignin solution. This procedure is repeated until 
all of the lignin has been precipitated; the product is then washed by agita¬ 
tion with at least two successive portions of the precipitating liquid (or until, 
after centrifuging, the supernatant liquid is colorless). The solid material 
is then stirred with several successive portions of low boiling petroleum ether 
(b.p. 30-50° C.), in order to-remove the remaining traces of the precipitant 
occluded by the solid. When ether is used as a precipitant, great care must 
be taken to insure the removal of the last traces of it by stirring the solid 
products for at least half an hour with each fresh portion of the petroleum ether. 
It is usually convenient to allow the precipitate to stand overnight in fresh 
petroleum ether before the final centrifuging. 

The washed products are centrifuged and dried, without transferring them 
from the centrifuge jar, in a vacuum desiccator (12-15 mm.) over concen¬ 
trated' sulphuric acid and potassium hydroxide sticks; Prior to analysis, 
they are subjected to a final, thorough drying in an Abderhalden apparatus in 
the presence of phosphorus pentoxide at approximately 2 mm., the temper¬ 
ature employed varying with the nature of the material in question. 

Preparation of Phenol Lignin 

The method used was a modification of that employed by Hillmer (14) 
and Wedekind (29). t 

‘See also Reference (27), 
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The wood meal used in this and similar experiments was spruce wood 
ground to 100 mesh and pre-extracted with an alcohol-benzene mixture (1; 1) 
to remove fats and resins, followed by water to remove residual sugars. It 
was dried for several days at 60° C. in a vacuum oven at approximately 20 
mm. pressure. 

Pure anhydrous phenol (2000 gm.) was placed in a three-litre, three¬ 
necked flask equipped with a mechanical stirrer and a dropping funnel. The 
phenol was heated to 80° C., and 180 gm. woodmeal, which had been heated 
to the same temperature in a drying-oven for about 24 hr., was added. 

An anhydrous ether solution (200 cc.) containing 12 gm. of hydrogen chloride 
was added slowly during a period of about 10 min. through the dropping fun¬ 
nel, the end of which was placed below the surface of the molten phenol. 
The mixture was stirred constantly and the temperature maintained between 
80° and 90° C. The color of the mixture changed gradually from a light 
yellow to a brownish purple. At the end of half an hour, the phenol was 
distilled off under reduced pressure in an atmosphere of nitrogen, using an 
oil pump. The temperature of the water bath during the distillation was 
kept lower than 80° C. The residual product was a (dark brown tarry solid. 
It was dissolved in 300 cc. of pure methyl alcohol at room temperature. 
The dark brown solution was centrifuged and the filtered lignin solution 
precipitated by adding the clear methyl alcohol solution dropwise to 
approximately four litres of distilled water, which was stirred vigorously. 
The light-brown solid that separated out was washed by decantation with 
water until the washings were clear, and then filtered on a BUchner funnel. 

The residue left after the phenol treatment was extracted with methyl 
alcohol and centrifuged. This residue is the cellulose from the wood meal 
and, according to previous investigators, is almost pure. The alcoholic 
extract was concentrated under reduced pressure and the lignin precipitated 
as described above. The total yield of dry, crude phenol lignin was 121 gm. 
or 67% of the weight of the original wood meal taken. OCH*, 6.4%. 

Duplicate experiments gave approximately the same yield of crude phenol 
lignin with nearly the same methoxyl values (i.e., 6.4, 7.0, 6.8% respectively 
in three different preparations). 

Fractionation of Crude Phenol Lignin 

The crude phenol lignin (OCHi, 6.4%) was separated into (I) an ether- 
insoluble fraction (Phenol Lignin A) and (II) an ether-dioxane-soluble fraction 
(Phenol Lignin B) by the following procedure. 

I. Isolation of Ether-insoluble Phenol Lignin A 

Crude phenol lignin (30 gm.; OCHj, 6.4%) was dissolved in 30Q cc. of 
anhydrous, glycol-free, pure dioxane, giving a very dark reddish-brown 
solution. This was centrifuged to remove a small amount of insoluble material, 
filtered and precipitated by allowing the solution to drop into seven to eight 
times its volume of well stirred anhydrous ether. The lignin was precipitated 
as a fine light-brown product, while the supernatant ether solution was dark 
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reddish-brown in color. It was then centrifuged, washed with three portions 
of dry ether, then with one portion of petroleum ether (b.p. 80-90° C.) and 
finally with two portions of low-boiling petroleum ether (b.p. 30-50° C.). 
The product was purified and dried as described under the general procedure 
for purification of lignin derivatives. The ether-insoluble Phenol Lignin A 
was obtained as a fine, very electrostatic, buff-colored powder; 17.5 gm. or 
58% of the original crude phenol lignin was recovered as the ether-insoluble 
fraction. OCH*, 8.9%. 

Second purification . Phenol Lignin A (17.5 gm.) (product from the previous 
precipitation) was redissolved in 125 cc. of dioxane; the solution was centri¬ 
fuged and the clear liquid added dropwise to 1500 cc. of dry ether. The 
precipitate was washed with ether, and then with high- and low-boiling 
petroleum ether (b.p. 80-90° C. and 30-50° C.). Yield, 16 gm. OCH*, 9.5, 
9.2%. 

The third, fourth, and fifth purifications were carried out in the same 
manner as the second. 

Fourth purification. Yield, 11.5 gm. OCHs, 10.4, 10.4%. 

Fifth purification. Yield, 10.5 gm. Found (ash-free basis): C, 68.99, 
69.49, 68.76; H, 5.90, 6.03, 5.68; OCH,, 10.4, 10.3%. Calcd. for 
C«H m O # (OCH*)*(OH)5(OC,H 6 ).3C,H 6 OH, [1216.5]: C, 69.00; H, 5.96; 
OCH*, 10.2%. 

The products from three preparations of phenol lignin from wood meal 
were purified separately and, in each case, gave ether-insoluble phenol lignin 
fractions having identical analytical values. 

The ether-insoluble Phenol Lignin A is very soluble in dioxane, methyl and 
ethyl alcohols, acetone, pyridine, aqueous sodium hydroxide; soluble in 
warm amyl alcohol, methyl and ethyl acetates, glacial acetic acid; insoluble 
in water, chloroform, carbon tetrachloride, ammonium hydroxide, petroleum 
ethers, benzene, toluene, sodium bicarbonate and aqueous mineral acids. 

II. Isolation of Ether-Dioxane-soluble Phenol Lignin B 

The dark reddish-brown ether solutions remaining after the removal of the 
ether-insoluble Phenol Lignin A, together with the first two ether washings, 
were filtered and evaporated in a weighed flask under reduced pressure at 
30° C. to remove excess dioxane. The dark brown tarry residue was dis¬ 
solved in dioxane to give an approximately 10% solution, centrifuged to 
removfe a small amount of insoluble material, filtered and precipitated by 
adding it dropwise to ether. The small flocculent.precipitate of ether-insoluble 
material was isolated, purified and dried as described previously. The meth- 
oxyl value of the washed and dried product was 9.4%, shoeing that the 
material was impure Phenol Lignin A. The ether filtrate from this precipita¬ 
tion was again evaporated, dissolved in approximately the same amount of 
dioxane and filtered. 

The ether-dioxane-soluble Phenol Lignin B was very difficiift to obtain in. 
solid form. ’ , 
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When the dioxane solution of the residue, which remained after evaporation 
of the ether, was precipitated in dry benzene, a somewhat flocculent, fine, 
light-brown product was obtained and the benzene acquired a yellowish- 
brown color. The insoluble material was stirred with several portions of 
benzene until the latter was no longer colored. The product was allowed to 
stand in petroleum ether (b.p. 30° to 50° C.) for about an hour with occasional 
stirring. The liquid was centrifuged from the solid product and the latter 
stirred with three more portions of petroleum ether. The final product, 
dried in the usual manner, was a fine light-brown powder. 

The small amount of lignin left in the benzene-dioxane mixture resulting 
from the first precipitation of the Phenol Lignin B was recovered by evapor¬ 
ating off the bulk of the solvents under reduced pressure, filtering and adding 
the filtered solution dropwise to a large quantity of pure dry benzene. About 
one gram of material was thus isolated and added to the main product for 
further purification. Total yield—15 gm., or 50% of the crude phenol lignin. 

The Phenol Lignin B was dried over phosphorus pentoxide at a temper¬ 
ature of 56° C. at 10-12 mm. for 36 hr. OCH,, 4.9%. 

This product was subjected to four consecutive reprecipitations, as de¬ 
scribed above, before the methoxyl value became constant. 

Fourth purification. Found: C, 72 74, 72 87; H, 5.92, 6.0; OCH,, 5.3%. 
Calcd. for C 4 ,H 33 0 6 (0CH 3 ) 6 (0H)«(0C 8 H6> 15C,H,OH, [2358.4]: C, 72.8; 
H, 6.2; OCH,, 5.4%. 

Three preparations of crude phenol lignin were purified separately and in 
each case an ether-dioxane-soluble fraction was obtained having the same 
final methoxyl value. 

Pure Phenol Lignin B is very soluble in dioxane, methyl, ethyl and amyl 
alcohols, methyl and ethyl acetates, acetone, pyridine, aqueous sodium 
hydroxide and glacial acetic acid. It is only very slightly soluble in pure ether, 
but is readily soluble when a small trace of dioxane is added. It is insoluble 
in water, chloroform, carbon tetrachloride, pure benzene, toluene, aqueous 
mineral acids and cold ammonium hydroxide. 

Acetylation of Ether-insoluble Phenol Lignin A 

Phenol Lignin A (8 gm.; OCH,, 10 3%) was dissolved in 40 cc. of dry 
pyridine and 25 cc. of acetic anhydride added. The dark reddish-brown 
solution was allowed to stand for 36 hr. at room temperature. The solution 
was poured in a thin stream on to finely cracked ice. After the ice had melted, 
the light-brown precipitate was filtered off, washed with ice-cold water until 
free from pyridine and acetic acid, and dried. Yield, 10 gm. 

• 

Purification 

The product was dissolved in 100 cc. of dry dioxane, centrifuged to remove 
a small amount of insoluble material, filtered and added dropwise to 1200 cc. 
of anhydrous ether. The light buff-colored precipitate was washed with four 
portions of anhydrous ether, followed by three of low-boiling petroleum ether. 
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The product was a very light buff-colored powder. Yield, 8 gm. OCH», 
7.8%. It was then submittal to a second similar treatment and the resulting 
product analyzed. 

Found: C, 66.8, 66.54; H, 5.44, 5.35; OCH,, 7.9, 7.9; COCH,, 23.0, 
23.2%. Calcd. for C4*H«Oe(OCH,)4(OCOCH s ) t OC,H 6 .3C,H,OCOCH,,[1552.7]: 
C, 66.46; H, 5.66; OCH,, 8.0; COCH,, 22.2%. 

MethylcUion of Ether-insoluble Phenol Lignin A with Diazomethane 

Phenol Lignin A (10 gm.; OCH,, 10.3%) was dissolved in 60 cc. of dioxane, 
and diazomethane (prepared by slowly dropping 30 cc. of a sodium glycolate 
solution, containing 6% sodium, into 15 cc. of nitroso-methyl urethane) was 
led into the solution. After about an hour, there was a vigorous evolution 
of nitrogen and the solution became noticeably lighter in color. The reaction 
mixture was allowed to stand for three hours, and was then treated with the 
same amount of diazomethane. Upon standing overnight, a gelatinous 
precipitate, presumably a polymer of diazomethane, had formed in the 
solution, which was then heated at 50° C. for half an hour and filtered. A 
sample was precipitated by adding the solution to ether. The light-colored 
precipitate was stirred with three consecutive portions of ether followed by 
two of petroleum ether (b.p. 30-50° C.) OCH,, 19.9%. 

The remainder was dissolved in dioxane and the combined solutions were 
remethylated with diazomethane. The solution was allowed to stand over- 
'night at room temperature and then heated at 50° C. for half an hour. The 
gelatinous precipitate was centrifuged off and washed with two successive 
portions of dioxane. The product was isolated and purified as described in 
the general procedure above. Yield, 8 gm. OCH,, 21.5%. 

The product was redissolved and again treated with diazomethane, exactly 
as described above. The reaction product was isolated as above and yielded 
a very light buff-colored product. Since further treatment with diazomethane 
did not increase the methoxyl content, the product was considered com¬ 
pletely methylated with respect to diazomethane. Yield, 7.8 .gm. Ash, 
0.38%. Found (ash-free basis): C, 70.56, 69.86, 71.05; H, 6.44, 6.35, 
6.33; OCH,, 21.6%. Calcd. for C«H„0,(OCH 3 ),(OH),(OC,H.). 3C 6 H 6 OCH,, 
[1286.6]: C, 70.0; H, 6.42; OCH,, 21.7%. 

Acetylation of Phenol Lignin A, Premethylated with Diazomethane 

The premethylated Phenol Lignin A mentioned above (5.5 gm.; OCH*, 
21.5%) was dissolved in 30 cc. of dry pyridine,. 18 cc. of acetic anhydride 
added and the solution allowed to stand for 30 hr. at room temperature. It 
was poured in a thin stream on to a mixture of cracked ice and “water with 
stirring. After standing for several hours, a fine light-brown precipitate 
settled out. This was filtered off and washed with ice water until free from 
pyridine and acetic acid. Yield, 4.5 gm. 

* 

The product was dissolved in diQxane, filtered and precipitated by adding 
the solution dropwise to dry ether. The fine buff-colored product was centri- 
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tfuged off and washed with three portions of dry ether and two of petroleum 
ether (b.p. 30-50° C.). Yield, 4 gm. OCH,, 18.9%. 

The product was purified by three further similar precipitations. There 
was no change in methoxyl value found in the product from the last two 
precipitations. Found: C, 69.12, 69.37; H, 6 06, 5.95; OCH«, 19.1, 19.1; 
COCH,, 11 5, 11 1 %. Calcd. for C«H«0«(OCH 8 )e(OCOCH,),(OCeH»). 
3C,H*OCH»,[1412 7]: C, 68 8 ; H, 6 2; OCH,, 19.7; COCH,, 9.1%. 

Deacetylation and Methylation of Phenol Lignin A Premethylated with Diazo¬ 
methane and Acetylated 

The acetylated Phenol Lignin A (1 5 gm.), previously methylated with 
diazomethane, was dissolved in 20 cc. of acetone. Sodium hydroxide (40 cc.; 
30%) and 15 cc. dimethyl sulphate were added dropwise during a period of 
one hour at 40-42° C. with constant stirring, keeping the solution slightly 
alkaline throughout. The mixture was stirred at 40° C. for another hour. 

The acetone was then distilled off under reduced pressure, a brown solid 
separating out. It was ground up with water in a mortar, separated by filtra¬ 
tion, and washed free from inorganic salts. A small sample of the dried solid 
was purified by solution in dioxane and precipitation with ether, and analyzed 
forOCH,. Found: OCH 3 , 24 3%. After three additional methylations the 
methoxyl content was found to be constant. Found: OCH», 27 3, 27.5%. 
Calcd. for C«H m O,(OCH,),(OC 6 H,). 3C,H,OCH,,[1328.7]: OCH,, 28.0%. 

Deacetylation and Methylation of Completely Acetylated Phenol Lignin A 

Approximately 5 gm. of Phenol Lignin A, which had been completely 
acetylated using pyridine and acetic anhydride, was dissolved in 80 cc. of 
acetone and methylated as described in the previous experiment by use of 
180 cc. of 30% sodium hydroxide and 80 cc. of dimethyl sulphate. The 
reagents were added in five equal portions at half-hour intervals, care being 
taken to keep the reaction mixture slightly alkaline throughout the reaction. 

The acetone was then removed under reduced pressure, and the dark 
reddish-brown precipitate separating out was filtered off, ground to a fine 
powder, and washed free from inorganic salts. Found: OCH,, 27.3%. 

After a second and third methylation under the same conditions the meth¬ 
oxyl content was found to be constant. The resulting material was purified 
by solution in dioxane and precipitation with ether. Found: C, 71.40, 71.23; 
H, 6.50, 6 47; OCH,, 28 2 , 28 3%. Calcd. for C 4 2 H„ 0 ,( 0 CH,),( 0 C,H,). 
3C,H,OCH*,[1328.7]: C, 70.45; H, 6 68 ; OCH,, 28 0 %. 

Preparation of Derivatives of Phenol Lignin B 
Acetylation of Ether-Dioxane-soluble Phenol Lignin B 

Ether-dioxane-soluble Phenol Lignin B (6 gm.; OCH,, 5.3%) was dis¬ 
solved in 40 cc. of dry pyridine and 25 cc. of acetic anhydride added. The 
solution was,allowed to stand for 48 hr. at room temperature, and the reaction 
product isolated in the usual manner. It was purified from dioxane—petroleum- 
ether (b.p. 30-50 9 C.), from which it separated as a very light brown powder. 
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The product was purified twice from dioxane and petroleum ether. Yield, 
5.4 gm. Found: C, 68.42, 68.14; H, 5.75, 5.77; OCH,, 4.4,4.4; COCHt, 
24.0, 24.6%. 

Diazomethane Methylation of Ether-Dioxane-solvUe Phenol Lignin B 
Ether-dioxane-soluble Phenol Lignin B (8 gm.) was dissolved in 50 cc. 
of dioxane, and the solution treated with diazomethane, prepared from 15 cc. 
of nitroso-methyl urethane. A vigorous evolution of nitrogen took place and 
the solution became noticeably lighter in color. The next day it was subjected 
to a similar treatment. The reaction mixture was heated at 50° C. for 15 min., 
centrifuged and a small sample purified. OCH*, 22.3%. Since the methoxyl 
values after the third and fourth methylations did not increase further, the 
product was precipitated twice by adding the dioxane solution dropwise to 
petroleum ether (b.p. 30-50° C.). Yield, 7.5 gm. Found: C, 72.97, 72.77; 
H, 6.79, 6.70; OCH,, 22.9, 22.8%. 

Acetylation of the Diazomethane-methylated Product 
Approximately 6.5 gm. of methylated Phenol Lignin B was dissolved in 
30 cc. of pyridine, and 18 cc. of acetic anhydride added. The solution was 
allowed to stand for 48 hr. at room temperature. 

The product was isolated and purified as described for the acetylated 
Phenol Lignin B. Yield, 5 gm. Found: C, 70.58, 71.08; H, 6.30, 6.33; 
OCH,, 21.5, 21.6; COCH,, 2.4, 2 7%. 

Deacetylation and Methylation of Ether-Dioxane-soluble Phenol Lignin B Pre¬ 
methylated with Diazomethane and Acetylated 
Approximately 2 gm. of ether-dioxane-soluble premethylated and acetylated 
Phenol Lignin B was dissolved in acetone and treated with 26 cc. of dimethyl 
sulphate and 36 cc. of 30% sodium hydroxide as described for Phenol Lignin 
A. After five methylations the methoxyl content was constant. 

The product was purified by adding the benzene solution dropwise to 
petroleum ether (b.p. 30-50° C.). The precipitated product was of a very 
light buff color. Yield, 1.4 gm. Found: C, 72.43, 72.17; H, 6.48, 6.58; 
OCH,, 27.4, 27.3%. 

In order to ascertain whether the substance was fully methylated it was 
treated with acetic anhydride and pyridine. No change in the methoxyl 
value occurred. The product therefore contained no free hydroxyl groups,, 

Preparation of Phenol Derivative of Freudenberg Lignin 
Moist Freudenberg lignin (125 cc.) (10) was freed from water as far as 
possible by careful filtration, and the material mixed with 120 gm. of phenol. 
A portion of the phenol was distilled off under reduced pressure to remove 
the water present in the lignin. The mixture was then heated to 80° C., 
and 5 cc. of anhydrous ether containing 8% gaseous hydrogen cgjoride added. 
The product immediately became darker in color and the gelatinous mixture 
began to liquefy. At 10 min. intervals, two additional portions of 2.5 cc. qf 
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ether—hydrogen-chloride solution were added. The reaction mixture was 
heated for a total period of 30 min. and at the end of this time had formed a 
clear, dark reddish-brown solution. The excess phenol was distilled off com¬ 
pletely under reduced pressure, using an oil vacuum pump, and the dark- 
brown residue dissolved in 75 cc. of methyl alcohol. The solution was 
centrifuged and the small residue washed with methyl alcohol. The weight 
of this dried methoxyl-free residue was 0.9 gm. 

The combined methyl alcohol solutions were filtered and the phenol lignin 
compound precipitated by adding the methyl alcohol solution dropwise to 
distilled water with constant stirring at room temperature. The phenol 
Freudenberg lignin separated out as a fine light-brown powder. The crude 
{noduct was filtered-off and dried. Yield, 13 gm. OCH», 11.4%. 

This product was purified by several precipitations from dioxane and dry 
ether. The light-brown precipitate finally obtained was centrifuged off, 
washed by stirring with three successive portions of ether and finally with 
two portions of petroleum ether (b.p. 30-50° C.). Yield, 12.5 gm. Found: 
C, 68.39, 68.57; H, 5.88, 5.94; OCH,, 11.7, 11.5%. Calcd. for C«,H«0« 
(OCH,),(OH) 4 (OC,H,). 3C«H,OH,[1230.6]: C, 69.2; H, 6.0; OCH,, 12.6%. 

Phenol Freudenberg lignin is very soluble in dioxane, methyl and ethyl 
alcohols, acetone, pyridine and aqueous sodium hydroxide. It is soluble in 
warm glacial acetic acid, amyl alcohol, but insoluble in ether, water, chloro* 
form, carbon tetrachloride, and sodium carbonate. 

Acetylation of Phenol Freudenberg Lignin 

Two grams of phenol Freudenberg lignin was acetylated with 16 cc. of 
dry pyridine and 10 cc. of acetic anhydride and allowed to stand for 48 hr. at 
room temperature. The light-brown solid isolated by the usual procedure 
was dried and purified twice by solution in dioxane and precipitation with 
ether. It was washed finally with two successive portions of ether, followed 
by two successive portions of petroleum ether. Yield, 2 gm. Found: C, 
66.83, 66.56; H, 5.53, 5.47; OCH,, 9.2, 9.4; COCH,, 21.6, 21.5%. 
Calcd. for C«H«0,(OCH,),(OCOCH,) 4 (OC,H,).3C,H,OCOCH„ [1524.7]: C, 
66.9; H, 5.8; OCH,, 10.2; COCH,, 19.7%. Calcd. for CaHnO^OCH,),- 
(OCOCH*),(OC*H,).3C»H»OCOCH,,[1566.7]: C, 66.6; H, 5.8; OCH,, 
9,9; COCH,, 22.0%. 

Methylation of Phenol Freudenberg Lignin with Diazomethane 

Phenol Freudenberg lignin (8 gm.) was dissolved in 50 cc. of dioxane and 
diazomethane from 15 cc. of nitroso-methyl urethane introduced into the 
solution. A vigorous evolution of nitrogen took place and the solution became 
tighter in color. After three hours it was given a second similar treatment 
with diazomethane. After a third methylation the methoxyl content was 
constant. OCH, t 23.6%, 

The tight buff-colored product was washed with three successive portions 
of petroleum ether (b.p. 30-50° C.). Yield of dried product, 6 gm. Found: 



BVCKLAND, BRAUNS AND BIBB EXT; PHENOL UONIN 


75 


C, 70.64, 70.76; H, 6.31, 6.27; OCH,, 23.5, 23.6%. Calcd. for C#H«0,- 
(OCH,)«(OH),(OC«H,).3C«H»OCH*,[1286.5]: C, 69.9; H, 6.4; OCH,, 
21.7%. Calcd. for C«H ll O,(OCH,) 7 (OH),(OCrfi s ). 3C»H,OCH,,[1300.6]: 
C, 70.1; H, 6.4; OCH„ 23.8%. 

Acetylation of Phenol Freudenberg Lignin Premethylated with Diazomethane 

Phenol Freudenberg lignin (5 gm.), premethylated with diazomethane, 
was dissolved in 30 cc. of pyridine and 18 cc. of acetic anhydride. The pro¬ 
duct, isolated in the usual manner, was purified by four precipitations from 
dioxane into ether. Yield, 4 gm. Found: C, 68.90, 68.90; H, 6.17, 6.15; 
OCH,, 21.6, 21.7; COCH,, 8.4, 8.3%. Calcd. for C«H„0,(OCH,),- 
(OCOCH,),(OC,H,).3C,H,OCH,,[1412.7]: C, 68.8; H, 6.2; OCH,, 19.7; 
COCH,, 9.1%. Calcd. for C 4l H, 1 0,(0CH,)7(0C0CH,),(0C,H,).3CJH l - 
OCH»,[1426.7]: C, 68.9; H, 6.3; OCH,, 21.7; COCH,, 9.0%. 

Deacetylation and Methylation of Phenol Freudenberg Lignin Premethylated 
with Diazomethane and Acetylated 

Premethylated and acetylated phenol Freudenberg lignin (2 gm.) was 
dissolved in acetone and treated with 27 cc. of dimethyl sulphate and 36.5 
cc. of 30% sodium hydroxide in the manner described for the fully methylated 
Phenol Lignin A. After the fifth methylation the methoxyl content was 
constant. The product was purified by two precipitations from dioxane and 
ether. Found: C, 70.1, 70.6; H, 6.5, 6.5; OCH,, 29.1, 29.1%. Calcd. for 
•C«H«0,(0CH,),(0C,H5).3C,H,0CH,,[1328.7]: C, 70.4; H, 6.6; OCH,, 
28.0%. Calcd. for C4,H,iO,(OCH,) I0 (OC«H»).3C,H t OCH,,[1342.7]: C, 
70.5; H, 6.7; OCH,, 30.0%. 

Phenol Lignin from Willstdtter Lignin 

Lignin (21 gm.; OCH,, 15.2%), dried in a vacuum desiccator and pre¬ 
pared according to Willst&tter’s method (16), was mixed with 130 gm. phenol, 
and the mixture heated with stirring to 80-85° C. A thick mass was formed 
which was very difficult to stir and to this 10 cc. of ether containing 2.5% 
gaseous hydrogen chloride was added. After 10 min. an additional 5 cc. of 
the ether-hydrogen chloride solution was added and the pasty product then 
began to liquefy. After a further ten minutes a third portion* of 5 cc. of the 
ether-hydrogen chloride solution was added and the mixture heated another 
10 min. The total volume of ether solution added was 20 cc., and time of 
heating^ 30 min. at 80-85° C. All the lignin passed into solution and the 
excess phenol was then removed by distillation under reduced pressure. The 
residual, dark brown, tarry mass was dissolved in' methyl alcohol and centri¬ 
fuged, leaving 0.9 gm. of residue. The solution, about 100 cc.,.was filtered 
and the phenol lignin precipitated by adding the methyl alcohol solution 
dropwise to 2.5 of litres of distilled water. A light-brownish solid separated. 
The filtration of the cocoa-colored “product took three to four days, and 
it proved impracticable to centrifuge the solution. This produc|was purified 
in a manner similar to that used for Phenol Lignin A. Yield of crude phenol 
lignin, 15 gm. OCH,, 11.7%. 
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Purification 

The crude phenol Willstatter lignin was dissolved in 200 cc. of dioxane, 
the solution centrifuged, filtered and the product precipitated by adding 
this solution dropwise to dry ether. The precipitate was allowed to settle, 
and the almost colorless supernatant solution decanted. The residual lignin 
was washed twice with dry ether, three times with petroleum ether, and 
finally dried. OCH», 12.3%. 

It was further purified by a second similar treatment. Found: OCH,, 
12.3%. Calcd.forC4aH«O«(OCH,) s (OH)4(OC e H*).3C,H s OH.[1230.S]: OCH,, 
12 . 6 %. 

Acetylation of Phenol Willstatter Lignin 

Purified phenol Willstatter lignin (2 gm.) was acetylated with acetic an¬ 
hydride and pyridine in the customary manner and the crude product twice 
precipitated by pouring the dioxane solution into ether. Yield, 2.4 gm. 
OCH,, 9.6%. Calcd. for C„H S1 0 8 (0CH S )*(OCOCH,) 6 (OC,H 6 ).3C,H,- 
OCOCH»,[1566.7]: OCH,, 9.9%. 

i 

Methylation of Phenol Willstatter Lignin with Diazomethane 
Phenol Willstatter lignin (6 gm.) was dissolved in 16 cc. of dioxane and 
diazomethane, prepared from 15 cc. nitroso-methyl urethane, introduced. 
After two such methylations a sample was isolated and purified, after drying 
in an Abderhalden at 110° C. (2 mm.). OCH,, 23.6%. It was again re- 
methylated. OCH,, 23.9%. 

This value did not increase after another methylation. Calcd. for 
C«H,,O5(OCH,),(OH),(OC,H 6 ).3C,H5OCH,,[1300.6]: OCH,, 23.8%. 

Acetylation of Phenol Willstatter Lignin Premethylated with Diazomethane 
Premethylated phenol Willstatter lignin (4.5 gm.) was acetylated with 
25 cc. of dry pyridine and 15 cc. of acetic anhydride. The crude acetylated 
product (4.8 gm.) was isolated and purified in the usual manner. The cream- 
colored, fine powder was dried in a vacuum desiccator over sulphuric acid 
and the sample for analysis further dried in the Abderhalden at 78° C. (2 mm.) 
OCH,, 21.6%. Calcd. for C 42 H 31 0 6 (OCH,),(OCOCH,),(OC,H s ). 3C«H,- 
OCH*,[1426.7]: OCH,, 21.7%. 

Deacetylation and Complete Methylation of Phenol Willstdtter Lignin Pre¬ 
methylated with Diazomethane and then Acetylated 
Phenol Willstatter lignin (2.5 gm.), premethylated with diazomethane and 
then acetylated, was dissolved in 25 cc. of acetone, and methylated with 
25 cc. of dimethyl sulphate and 55 cc. of hydroxide (35%) at room temper¬ 
ature. After two such methylations a sample was isolated and purified. 
OCH*, 29.8%. 

After a third methylation the methoxyl content was 30.0% Calcd. for 
C«H»0»(OCH*)»(OC»H*).3C*H*OCH*,[1328.6]: OCH,, 28.0%. Calcd. for 
C«,H*iO,(OCH,)io(OCeH*).3C*H*OCH»,[1342.7]: OCH,, 30.0%. 
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STUDIES ON LIGNIN AND RELATED COMPOUNDS 

XVII. METHYLATION OF WILLSTATTER AND FREUDENBERG LIGNINS 1 
By Fritz Brauns* and Harold Hibbrrt* 


Abstract 

^ Both WillstSLtter and Freudenbcrg lignins when treated with diazomethane 
give methylated products containing one additional methoxyl group, calculated 
on the basis of a molecular weight of about 850 for native lignin. # When heated 
with phenol in the presence of a small amount of hydrogen chloride, both diazo- 
methane-methylated lignin derivatives ale converted into soluble phenol 
lignin derivatives containing one more methoxyl group than the corresponding 
phenol derivatives prepared from original, untreated Willst&tter and Freuden- 
berg[ lignins. This higher methoxyl value is also shown by the former phenol 
lignins on acetylation. The diazomethane-methylated phenol lignin derivatives 
prepared from diazomethane-methylated Willstatter and Freudenberg lignins cor¬ 
respond with the diazomethane-methylated phenol lignin derivatives prepared 
from original Willstatter and Freudenberg lignins , Also the fully methylated 
derivatives prepared from the phenol diazomethane-methylated Willstatter 
and Freudenberg lignins correspond with those described previously (2). 
The difference in methoxyl value between the phenol derivatives obtained from 
Willstatter lignin and the corresponding derivatives from Freudenberg lignin of 
0.8-2.1% may be due possibly to the presence in the Freudenberg lignin of a 
methylene oxide ring which is removed in the isolation of Willstatter lignin, 
thus giving rise to the higher methoxyl content in the methylated derivatives 
of the latter. The action of methyl alcohol on original, on diazomethane- 
premethylated, and on fully methylated Willstatter and Freudenberg lignins 
was also investigated. 


Introduction 

The nature of the changes taking place during the methylation of lignin 
is still an unsolved problem. It is well known that lignin can be readily 
methylated by the usual methylation reagents. For instance, Heuser and 
co-workers (12) were able to methylate spruce lignin, isolated according to 
the method of Willstatter, by suspending the product in 10% sodium 
hydroxide solution and adding dimethyl sulphate gradually at a temperature of 
60° C. In this manner the methoxyl content was increased from 14.6 to 
20.7%, and, by repeating the process, a product was finally obtained with a 
methoxyl content of 26.3%. 

Urban (14) methylated a spruce lignin (isolated by means of hydrochloric 
acid and phosphoric acid) by use of 45% sodium hydroxide solution and 
dimethyl sulphate at 80-100° C. After 15 successive methylations the 
product had a methoxyl value of 28.2%. He found, however, that if the 
temperature during methylation did not exceed 25° C., after two methylations 
a product is obtained with 32.4% OCH*. Freudenberg (6) showed that on 
treatment of a similar lignin preparation with an ether solution of diazo¬ 
methane, the methoxyl content could be increased from 15.5 to 19.8%. 
Later (7) he corrected this value by reporting that the methoxyl increase 
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amounted only to 2%. A similar result was obtained by Fuchs and Horn (10) 
who treated spruce wood meal with diazomethane and then isolated the 
methylated lignin with concentrated hydrochloric acid. This methylated 
lignin had a methoxyl content of 19.7%, while that of the lignin isolated by 
the use of concentrated hydrochloric acid and phosphoric acid from the 
original wood was 15.4%. They calculated from these results that on the 
basis of a molecular weight for lignin of about 800, it contains one hydroxyl 
group capable of methylation with diazomethane. It has been shown repeat* 
edly that when lignin is extracted from spruce wood meal by means of alcohols 
in presence of hydrogen chloride as a catalyst, a lignin derivative is obtained 
which is soluble in dilute sodium hydroxide and which can be reprecipitated 
from such solution with acids. After treatment of methanol lignin with 
diazomethane, the methoxyl content increases from 21.6 to 24.8% (1). 
This methylated product is insoluble in sodium hydroxide and is stable 
towards warm sodium alcoholate, indicating absence of ester methoxyl 
groups capable of saponification. This indicates that there is present an 
acidic hydroxyl group capable of methylation with diazomethane. Since, on 
the one hand, Freudenberg (3, p. 122) contends that lignin prepared accord¬ 
ing to his method, by extraction of wood meal with cuprammonium hydrox¬ 
ide, contains no free phenolic hydroxyl group, while Fuchs (11), on the 
other hand, claims that in the preparation of lignin by alcoholysis, using 
methanol, ethanol, glycol, or glycol monoethers, a new phenolic hydroxyl 
group is formed by opening of an oxygen ring during the extraction process, 
it seemed advisable to re-investigate this matter. 

Spruce lignin was prepared according to the WillstStter (13) and Freuden- 
berg (9) procedures and kept under water, since, if allowed to dry, the surface 
of the lignin particles becomes homy. Prior to use, the material was filtered 
by suction, the moist lignin mixed with cyclohexanol, the water removed by 
distillation under reduced pressure, and the last-mentioned process continued 
until pure cyclohexanol passed over. The swollen lignin thus obtained was 
finely ground by shaking the mixture with glass beads for several days. 
Such a suspension of finely divided lignin permits a thorough methylation with 
diazomethane. After six consecutive methylations, the cyclohexanol being 
replaced by acetone after the third methylation, a final methoxyl content of 
21.3% for the Willstatter lignin and of 20.4% for the Freudenberg lignin 
was obtained. That methylation had occurred was indicated by the change 
in external appearance of both lignins from a brown to a’ light cream color. 
On treatment with phenol and hydrochloric acid each of the diazomethane- 
methylated products was converted into a soluble phenol lignin derivative 
containing, on the basis of a molecular weight for phenol lignin of 1230 (2), 
one additional methoxyl group as compared with the phenol derivatives of 
the original lignins (2). On methylation of these phenolated products with 
diazomethane, derivatives were obtained having the same methoxyl content 
as the diazomethane-methylated phenol lignin prepared from the original 
lignins (2). Also the acetylated and completely methylated derivatives show 
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the same agreement with the corresponding derivatives described by Buckland, 
Brauns and Hibbert (2). It must, however, be noted that the methoxyi 
values of the Freudenberg lignin derivatives are somewhat lower than 
those of the Willstatter lignin. This may be due to the fact that possibly 
the Freudenberg derivatives still contain the methylene oxide ring (4, 5, 8), 
while it has probably been removed in the isolation of the Willstatter lignin, 
thus permitting an increased methylation with diazomethane. 

When Willstatter and Freudenberg lignins, premethylated with diazo¬ 
methane, are treated with methyl alcohol and hydrochloric acid, almost 
complete solution is obtained. The methanol lignin derivatives thus formed 
are found to differ from the methanol lignin prepared either by extrac¬ 
tion of wood meal with methyl alcohol, or by the action of methyl alcohol 
on the original Willstatter or Freudenberg lignin, in having a higher methoxyi 
content. The actual value found is in agreement with that of the diazo¬ 
methane-methylated methanol lignin which likewise is insoluble in sodium 
hydroxide, thus indicating absence of a free acidic hydroxyl group of a phenol 
type in the diazomethane-methylated Willstatter and Freudenberg lignins. 

On methylation of diazomethane-premethylated Willstatter and Freuden¬ 
berg lignins with dimethyl sulphate and sodium hydroxide at room tem¬ 
perature, fully methylated lignin derivatives are obtained. 

Experimental 

Methylation of Willstatter Lignin with Diazomethane 

Willstatter lignin (OCH 8 , 15.5%) which, after its preparation, had been 
kept under water, was filtered and the moist product transferred to a glass 
distilling flask, mixed with cyclohexanol, and the remaining water removed 
by distilling under reduced pressure. It is always necessary to add some 
fresh cyclohexanol during the distillation. When the cyclohexanol distils 
over free from water, the lignin is left as a very fine suspension in the solvent 
and is ready for methylation with diazomethane in the usual manner. Vigorous 
nitrogen evolution took place and after four methylations a sample was 
removed, filtered, washed with methyl alcohol, acetone, ether, benzene, 
dioxane, and petroleum ether. The product was then suspended in water, 
boiled for 15 min. and dried in an Abderhalden at 100° C./2 mm. The main 
portion was remethylated in the same way and another sample was purified 
and analyzed. OCHj, 20.8%. The total product was then centrifuged, 
the cyclohexanol removed by washing with benzene, and the methylation 
repeated in benzene suspension. The benzene solution was still yellowish 
after two days, and the excess of diazomethane was then destroyed by adding 
a few drops of glacial acetic acid. The methylated lignin was filtered and 
washed successively with acetone, dioxane, and ether, then boiled for 15 min. 
with water and dried. Found: OCH 8 , 21.2, 21.3%. Calcd. for 
(OCH,),(OH) 4 J886.4] : OCHj, 21.0%. 

Willstatter lignin, after methylation with diazomethane, has a canary 
yellow color, is free from nitrogen and is insoluble in all solvents. 
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Action of Phenol and Hydrochloric Acid on Willstdtter Lignin Premethylated with 
Diazomethane 

Three grams of Willstatter lignin, premethylated with diazomethane 
(OCHi, 21.2%), was suspended in SO gm. of liquid phenol heated to 80° C. 
and 2 cc. of ether containing 2.5% of hydrogen chloride introduced under the 
surface of the phenol solution. The light-yellow color of the mixture turned 
light reddish-brown, the lignin began to swell, the mixture became more and 
more viscous and the product was finally gelatinized. After 10 min. an 
additional 1 cc. of the ether-hydrogen-chloride solution was added and after 
heating for about 30 min. at 80° C. the mixture again began to liquefy. After 
one hour the lignin had almost completely dissolved with formation of a clear, 
dark reddish-brown solution. This was heated for another hour, the phenol 
distilled off under reduced pressure and the residual syrupy product dissolved 
in a mixture of 50 cc. of equal parts of methyl alcohol and acetone. The 
solution was centrifuged and poured into 600 cc. of distilled water, forming 
a colloidal solution. In order to coagulate the lignin, 1-2 cc. of a saturated 
sodium sulphate solution was added and the mixture stirred for 10 min. 
The lignin compound separated out as a light-brown, flocculent precipitate 
which was filtered off, washed with distilled water and dried. Yield, 3.25 gm. 
OCH,, 15.3%. 

In the second experiment, 3.5 gm. of Willstatter lignin gave 4.5 gm. of 
the phenol compound (OCH,, 15.8%). 

The insoluble residues from both experiments were washed with a mixture 
of methyl alcohol and acetone, then with ether, and dried. Yield, 0.31 gm. 
or 4.8% of the total lignin used. 

The combined phenolated lignins (7.3 gm.) were dissolved in 50 cc. of 
dioxane, the solution centrifuged, filtered, and the product precipitated by 
adding the dioxane solution dropwise to 500 cc. of dry ether. It was washed 
with ether, petroleum ether of b.p. 50-60° C. and finally with petroleum 
ether of b.p. 30-50° C. Yield, 7.0 gm. For analysis the product was dried 
at 110° C./2 mm. Found: OCH», 15.8%. Calcd. for C«H»Q 6 (OCH,)« 
(OH),(OC,H 8 ). 3(C 8 H 8 OH), [1244.6] :OCH», 15.0%. 

The product was repurified by the same procedure; OCH», 15.9%. 

The phenol compound of Willstatter lignin premethylated with diazo¬ 
methane is a light-brownish powder, and shows the same behavior towards 
solvents, as the corresponding product obtained by direct phenolation of 
wood meal (2). The dioxane-ether solution is .almost colorless. It was 
evaporated, the residual product dissolved in a very small amount of dioxane, 
and the solution added to ether. An additional small amount of the same 
phenolated compound separated out. 

Acetylation of the product. Phenol lignin (0.5 gm.) from diazomethane- 
methylated Willstatter lignin was acetylated with pyridine a x# acetic an¬ 
hydride. Yield, 0.6 gm. Found; OCH,, 13.3%. Calcd. for C«,H a O ( 
(OCH,)«(OCOCHi)»(OC»Hi). 3(C*H*OCOCH,), [1496.7] :OCH„ 12.5%. 
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Diatomethane-methylaHon of the Phenol Compound from WiUstdtter Lignin 
Premethylated with Diatomethane 

A portion (5 gm.) of the phenol compound was methylated with diaxo- 
methane in dioxane solution in the usual manner, and the product purified. 
Found: OCH*, 23.7, 23.6, 23.6%. Yield, 5 gm. Calcd. for CuHaO* 
(OCH*) 7 (OH)»(OC«H»). 3(C»H»OCHj), [1300.6] : OCH«, 23.8%. The pro- 
duct shows a behavior towards solvents similar to that of the product 
derived from the corresponding phenol lignin directly prepared from wood 
meal. 

Acetylation of the product, A portion (1 gm.) of the above-mentioned 
diazomethane-methylated, phenol diazomethane-methylated Willst&tter lignin 
was dissolved in IS cc. of pyridine and 10 cc. of acetic anhydride. The 
solution was allowed to stand for 40 hr. at room temperature, then poured 
on to cracked ice, the precipitate filtered, washed with distilled water, and 
dried over sodium hydroxide and sulphuric acid. The crude acetyl derivative 
was dissolved in dioxane, filtered, and the product reprecipitated by adding 
the solution dropwise to dry ether. The light cream colored product was 
washed with ether, then several times with petroleum ether, and finally dried 
over sulphuric acid. Yield, 1.1 gm. Found: OCHj, 21.6%. After another 
purification with dioxane and ether, the methoxyl content had not changed. 
Found: OCH„ 21.8%. Calcd. for C4*H 3 i 0 6 (0CH 3 )7(0C0CH 3 ) 3 (0C,H»). 
3(C«H»OCH 3 ), [1426.7] : OCH s , 21.7%. • 

This product has the same properties as the corresponding derivative des¬ 
cribed previously, which had been prepared from phenol lignin obtained 
directly from wood meal. 

Complete Methylation of the Diazomethane-methylated Phenol Lignin Prepared 
from Willstatter Lignin Premethylated with Diatomethane 
A portion (1.5 gm.) of the phenol compound (OCH 3 , 23.6%) was dissolved 
in 20 cc. of acetone and methylated with 20 cc. of dimethyl sulphate and 
30 cc. of sodium hydroxide solution (30%), in the usual manner, at a tem¬ 
perature of 20-25° C. The acetone layer was separated from the aqueous 
solution, again methylated under the same conditions and a sample purified. 
Found: OCHj, 29.7%. After a third methylation, the methoxyl content 
was 30.5%. After a fourth methylation the methoxyl value had not changed. 
Found: OCH,, 30.4%. Calcd. for C 4 *H 31 O,(OCHs), 0 (OC,H,). 3(C,H ( OCH,), 
[1342.7] :OCH*, 30.0%. 

That the product was completely methylated was shown by treatment of 
a sample with acetic anhydride and pyridine, whereupon no change in the 
methoxyl content was found. 

^ethylation of Freudenberg Lignin with Diazomethane 
The anhydrous Freudenberg lignin was isolated from its aqueous suspension 
in the same way as the Willst&tter lignin. After complete removal of the 
water in the cyclohexanol suspension, diazomethane was introduced, causing 
a vigorous nitrogen evolution. After four methylations, using in each one 
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15 cc. of nitrosomethyl urethane, the methylated product was isolated in the 
same manner as that described for the Willstatter lignin. Found: OCH*, 
20.1%. After two further methylatlons the methoxyl content remained 
unchanged, and the cyclohexanol was then replaced by benzene and another 
inethylation carried out. The benzene mixture of the reaction products 
remained colored for 24 hr., and the product was then treated in the same 
way as that described for Willstatter lignin. Found: OCH», 20.3, 20.2%. 
Calcd. for C„H«0 # (0CH,),(0H) 4 [886.4] :OCH,, 21.0%. 

Freudenberg lignin, methylated with diazomethane, is much lighter in 
color than the original Freudenberg lignin, but a little darker in color than 
the corresponding Willstatter lignin. It was free from nitrogen and insoluble 
in all solvents. 

Preparation of the Phenol Compound of Freudenberg Lignin Premethylated 
with Diazomethane 

Two grams of Freudenberg lignin premethylated with diazomethane 
(OCH,, 20.2%) was suspended in 30 gm. of liquid phenol, and 1 cc. of ether 
containing 2.5% of hydrogen chloride introduced in the customary manner. 
The light-brown color changed immediately to dark purple, and on heating 
to 80° C. the mixture became increasingly viscous. After about 10 min. 
it was converted into a gelatinous mass. Another 1 cc. of the ether-hydrogen- 
chloride solution was then added. After about 30 to 40 min. the mixture 
became fluid again and most of the lignin had dissolved. The solution after 
heating for another hour was almost clear. The phenol was distilled off under 
reduced pressure, the dark reddish-brown syrupy residue was dissolved in 
30-40 cc. of a mixture of equal parts acetone and methanol, centrifuged, and 
the clear solution poured into 500 cc. of distilled water. The phenolated lignin 
formed a colloidal solution and was flocculated out on addition of 1-2 cc. of 
sodium sulphate solution with stirring. It was filtered, washed with distilled 
water, and dried. Yield, 2.25 gm. OCH,, 14.6%. 

A second experiment with 4.5 gm. of Freudenberg lignin premethylated 
with diazomethane yielded 5.0 gm. of phenol compound. OCH,,14.4%. 

The combined residues from the methyl alcohol-acetone solution were 
washed and dried. Weight, 0.25 gm., or 2.4% of the methylated lignin 
used. The crude phenolated compound (7.3 gm.) was purified by dissolving 
in 15 cc. of dioxane, centrifuging, filtering and precipitating by pouring into 
dry ether. The light cream colored product was washed with ether, then 
with petroleum ether and dried at 110° C./22 mm. Found: OCH,, 15.1%. 
The methoxyl content did not change after a second purification. Calcd. 
for C«H«0,(OCH,),(OH),(OC,H,). 3(C,H,OH), [1244.6] :OCH,, 15.0%. 

The dioxane-ether solution, on evaporation, left a small residue 1 *which was 
dissolved in dioxane and precipitated with ether. Yield, 0.15 gm. There 
was thus no dioxane-ether-soluble phpnol product formed. 

Acetylation of the product. A portion (0.5 gm.) of the phenol compound 
from diazomethane-methylated Freudenberg lignin was acetyfated in the 
same manner as that described for the corresponding Willstatter lignin 
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compound. Yield, 0.6 gm. Found: OCH», 12.3%. After another purifica¬ 
tion a methoxyl value of 12.4% was found. Calcd. for C«jH«Oe(OCH|)« 
(OCOCH*)*(OC«H*). 3(C*H*OCOCH»), [1496.7] :OCH*. 12.5%. 

Diazomethane-methylation of the Phenol Compound from Freudenberg Lignin 
Premethylated with Diazomethane. 

The phenol compound (5 gm.) was methylated in dioxane solution in the 
usual manner with diazomethane until no further increase in the methoxyl 
content occurred. The product was purified and dried at 110° C./2 mm. 
Found: OCH,, 22.8, 22.8%. Calcd. for C«2H S1 0 5 (0CH,)7(0H),(0C,H S ). 
3(C*H,OCH*), [1300.6] :OCH*, 23.8%. Yield 5.0 gm. 

Acetylation of the product. One gram of the last-named diazomethane- 
methylated phenol compound was acetylated in the same manner as that 
described for the corresponding Willstatter lignin compound. Yield, 1.1 gm. 
Found: OCH*, 21.1%. No change in methoxyl value was found after a 
second purification. Calcd. for C 42 H* 1 Os(OCHa) 7 (OCOCH«)j(OC»Hs). 
3(C«H*OCH*), [1426.7] :OCH,, 21.7%. 

Complete Methylation of the Diazomethane-methylated Phenol Compound from 
Freudenberg Lignin Premethylated with Diazomethane 

The phenol compound (2 gm.) was methylated twice with dimethyl sul¬ 
phate and sodium hydroxide according to the directions given for the corre¬ 
sponding Willstatter lignin compound. Found: OCH*, 28.2%. No change 
in methoxyl value was found after a third methylation. Calcd. for 
C«H„O*(OCH,) l0 (OC,H 6 ). 3(C,H*OCH,), [1342.7] :OCH», 30.0%. 

After treatment with acetic anhydride and pyridine the methoxyl content 
was the same (28.3%), showing that the product had been completely 
methylated. 

Action of Absolute Methanol and Hydrochloric Acid on Willst&tter Lignin 

Willstatter lignin was filtered from its aqueous suspension, washed several 
times with absolute methanol, and then shaken with the methanol and glass 
beads for several days with repeated renewal of the methanol. The lignin 
was then centrifuged, washed twice with anhydrous methanol and twice with 
highly purified dioxane. The lignin so prepared was suspended in a mixture 
of 50 cc. of pure anhydrous dioxane and 50 cc. of anhydrous methanol con¬ 
taining 2.5% of hydrogen chloride, and the product heated in a scaled tube 
for 16 hr. at 80° C. The light-brown lignin immediately turned dark violet, 
swelled, and acquired a flaky consistency. As the solution was only slightly 
colored, it was heated for a further eight hours at 110-125° C. Virtually 
complete solution of the lignin had occurred and the solution was dark hcown. 
It was centrifuged, filtered, the solvents removed and the residue redissolved 
in anhydrous methanol containing a small amount of dioxane. The lignin 
was then precipitated as a buff colored product by adding the solution drop- 
wise to distilled water. It was centrifuged, washed with water and dried 
at 110° C./2'tam. Found: OCH*, 22.4%. There was no change on further 
purification. Calcd. for C<*H«0.(OCH*),(OH) 4 , [886.4] : OCH*, 21.0%. 
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Action of Absolute Methanol and Hydrogen Chloride on Willstatter Lignin 
Premethylated with Diazomethane 

Two grains of Willstatter lignin premethylated with diazomethane (OCH», 
21.2%) was heated in a sealed tube with 200 cc. of anhydrous methanol 
containing 2% of hydrogen chloride. The light-yellow color of the lignin 
changed to reddish-brown. The mixture was then heated for 18 hr. at 
70-80° C. but apparently no change took place. The temperature, therefore, 
was raised to 120° C. and the heating continued for 24 hr., whereupon a part 
of the lignin went into solution. It was heated for a further 72 hr. at the 
same temperature and the experiment interrupted after a total period of 
heating amounting to 125 hr. The solution was filtered from the insoluble 
material, concentrated under reduced pressure, and the lignin compound 
precipitated by pouring the solution into distilled water. The mixture was 
centrifuged, and the residue washed with distilled water and dried. Yield, 
1 gm. The crude product was dissolved in dioxane and precipitated 
by addition of the solution to ether. The light-brown product was washed 
with fresh ether, twice with petroleum ether, and dried at 110° C./2 mm. 
Found: OCH*, 24.4%. Calcd. for C^HraOeCOCH^COH),, [900.4] : OCH,, 
24.1%. 

The brownish dioxane-ether solution was evaporated under reduced pressure, 
and the residual product dissolved in benzene. The solution was centrifuged, 
filtered, and the lignin compound isolated by adding the benzene solution 
dropwise to petroleum ether (60-70° C.). The precipitate was washed several 
times with petroleum ether and dried at 100° C./2 mm. Found: OCH*, 
25.7, 25.9%. 

Complete Methylation of Willstdtter Lignin Premethylated with Diazomethane 
Four grams of Willstatter lignin premethylated with diazomethane (OCH*, 
21.2%) was methylated first in aqueous suspension with 25 cc. of dimethyl 
sulphate and 30 cc. of sodium hydroxide (30% solution). The latter methyla- 
tions were carried out in acetone suspension with the same amounts of dimethyl 
sulphate and sodium hydroxide as employed previously. After "Oie second 
methylation the methoxyl content was 32.8%, which did not change after 
two further methylations. The fully methylated lignin was filtered, washed 
consecutively with water, dilute acetic acid and dilute ammonium hydroxide 
solution, and finally boiled with distilled water for 15 min. The product 
was then filtered off, washed with boiling water and dried. A light cream 
colored powder resulted which was insoluble in all solvents. Found: OCH*, 
32.8%. Calcd. for CaH^OCH*),*, [942.7] : OCH s , 32.9%. 

* 

Complete Methylation of Freudenberg Lignin Premethylated with Diazomethane 
Premethylated Freudenberg lignin (4 gm.; OCH*, 20.2%) was suspended 
in 50 cc. of acetone and methylated with 50 cc. of dimethyl sulphate and 75 cc. 
of sodium hydroxide solution (30%). The reagents were added ijbfthe course of 
seven hours at 22° C. and the reactiop mixture stirred for a further three hours. 
,The methylated lignin was filtered off, washed with distilled water and acetone. 
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and remethylated a second time. A sample was removed, washed with dis¬ 
tilled water, dilute acetic acid, and water, and finally heated in boiling water 
for 15 min. It was filtered off and dried at 110° C./2 mm. Found: OCH*, 
30.3%. 

After a further methylation the product was washed with distilled water, 
then with acetone, and finally heated in boiling water for 15 min. Found: 
OCH,, 30.3%. Calcd. for C 4S H ls Oe(OCH,) 1 o, [942.7] : OCH,, 32.9%. 

The fully methylated Freudenberg lignin is a fine, light-yellowish powder, 
the methoxyl content of which is not changed after treatment with pyridine 
and acetic anhydride. It is insoluble in all organic solvents. 

Action of Methanol and Hydrochloric Acid on Freudenberg Lignin Premethylated 
with Diazomethane 

Four grams of Freudenberg lignin premethylated with diazomethane 
(OCH*, 20.2%) was heated in a sealed tube with 150 cc. of methyl alcohol 
containing 2% hydrogen chloride in a tilting oven for two days at 90-95° C., 
and for a further four days at 110-120° C. About 60% of the material went 
into solution. The product was isolated in the same way as that described 
for the corresponding Willstatter lignin. Yield, 2.1%. It was purified by 
dissolving the product in dioxane and precipitating it by adding the dioxane 
solution dropwise to dry ether. It could be separated into two portions, an 
ether-insoluble and an ether-soluble fraction. The purification was repeated. 
Yield of ether-insoluble product, 75%. Found: OCHs, 22.7, 22.6%. Calcd. 
for C«HkO«(OCH 8 ) 7 (OH) s , [900.4] : OCH,, 24.1%. 

The residue from the ether-dioxane mother liquor left after removal of 
the solvents was dissolved in a small amount of dioxane and the solution 
added dropwise to dry ether. The small precipitate was removed and the 
filtrate evaporated to dryness. The residue was dissolved in benzene and 
the product precipitated by adding the benzene solution dropwise to petroleum 
ether. Yield, 0.5 gm. The orange-colored product was then dried over 
alcohol. Found: OCH*, 25.4, 25.5%. 

Action of Methanol and Hydrogen Chloride on Fully Methylated Freudenberg 
Lignin 

Fully methylated Freudenberg lignin (2.3 gm.; OCH», 30.3%) was 
suspended in a sealed tube in 200 cc. of absolute methanol containing 2% 
hydrogen chloride and heated in a tilting oven for 48 hr. at 78° C. and for 
50 hr. at 105° C. The lignin went almost completely into solution. After 
cooling, the mixture was filtered and concentrated to about 75 cc., whereupon 
a part of the lignin product separated out. It was redissolved by addition 
of 25 cc. of acetone and the clear solution poured into a large volume of water. 
A colloidal solution was formed, and on addition of a few drops of concen¬ 
trated sodium sulphate solution the product separated out as a flaky 
precipitate. It was filtered, washed with distilled water, and dried. Yield, 
2 0 gm. The product was dissolved in dioxane and precipitated with ether, 
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then washed with ether and petroleum ether, and dried over sulphuric acid. 
Found: OCH,, 29.7%. After a second purification the methoxyl value 
was 29.6%. Calcd. for C«H«0.(OCH,),(OH), [928.5] :OCH,, 30.0%. 

Action of Absolute Methanol and Hydrogen Chloride on Completely Methylated 
Spruce Wood Meal 

Spruce wood meal (10 gm.) was methylated with dimethyl sulphate an 
sodium hydroxide first in aqueous and later in acetone suspension at room 
temperature to a final methoxyl content of 38.8%. A portion (4 gm.) of 
this material was mixed with 200 cc. of anhydrous methanol containing 2% 
of hydrogen chloride and then heated in a sealed tube at 80° C. for 48 hr., 
the tube being shaken throughout in the tilting furnace. The wood meal 
first turned red and then acquired a green color. That a part of the wood 
meal had dissolved was indicated by the brown color of the solution The 
tube was then heated at 105° C. for an additional 48 hr., when a further 
quantity of the wood meal had dissolved. After heating for another 15 
hr. at 120° C. the greater part of the wood meal had dissolved. The mixture 
was filtered, the residue washed with methanol and dioxane, and finally with 
ether, and dried. Weight, 0.5 gm., or 20% of the wood meal used. 

The methanol and dioxane solutions were united, concentrated, and the 
lignin precipitated by pouring the solutions into water. It formed a colloidal 
solution which could be coagulated by the addition of a trace of sodium 
sulphate. 

The lignin was filtered, washed with distilled water and dried. OCH*, 
29.6%. Yield, 0.75 gm., or 26% of the methylated wood meal dissolved. 
This crude product was redissolved in 5 cc. of dioxane and reprecipitated 
with ether. It was isolated in the usual manner and dried at 100° C./2 mm. 
Yield, 0.4 gm. OCH,, 28.6%. 

The ether-dioxane solution, which was noticeably dark in color, was eva¬ 
porated, the residual product dissolved in benzene, filtered and the product 
reprecipitated by pouring the solution into petroleum ether (60-70° C.). 
It was washed several times with petroleum ether and dried at 76°‘t./2 mm. 
Found: OCH,, 29.5, 29.7%. Calcd. for C«H„0,(OCH,),(OH), [928.5]: 
OCH,, 30.0%. 
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STUDIES ON LIGNIN AND RELATED COMPOUNDS 

XVIII. LIGNIN SULPHONIC ACID—A PRELIMINARY INVESTIGATION 
ON ITS ISOLATION AND STRUCTURE* 

By E. G. King*, Fritz Brauns* and Harold Hibbert 4 


Abstract 

Several methods for the isolation of a pure lignin sulphonic acid have been 
studied. A satisfactory method, employing dialysis in the presence of an excess 
of sulphurous acid, followed by precipitation with quinoline and subsequent 
decomposition with sodium hydroxide, has been developed. The free acid is 
unstable, becoming insoluble on standing or when heated above 50° C., parti¬ 
cularly in the presence of mineral acids. Treatment with pyridine and acetic 
anhydride also yields an insoluble material. The salts of lignin sulphonic acid 
are stable towards heat and methylation reagents at room temperature, and 
therefore are more suitable for investigations on its structure. The methyl and 
benzyl esters have been prepared but in low yield only,—a result, presumably, 
of the well-known abnormally reactive character of esters of sulpnonic acids. 
The permutoid character of its salts makes it difficult to prepare the neutral 
salts in a pure state. The pure sodium salt, however, was prepared by the use 
of electrometric titration to indicate the neutral point. The'salts (Na, Tl, Ag) 
are soluble in alcohol containing a trace of water, but are precipitated by in¬ 
organic salts such as sodium or thallium acetate. The acid on methylation with 
methyl alcohol-hydrogen chloride yields a product which is soluble in organic 
solvents and in water, and which contains an additional methoxyl group. 
Methylation of the free acid with diazomethane gives a water-insoluble product 
(OCH*, 18 4%), while a similar methylation of the sodium salt yields a water- 
soluble product (OCHi, 19 4%, ash-free basis). The acid therefore contains at 
least one free phenolic or enolic hydroxyl group. It can be methylated at room 
temperature with dimethyl sulphate ana sodium hydroxide (5% excess) to a 
maximum methoxyl content of 27 7% (ash-free basis), no structural change, 
other than the loss of some loosely bound sulphurous acid, apparently taking 
place. The analytical data provide additional support for the empirical formula 
for lignin proposed by Brauns and Hibbert. 


Introduction 

The solution of industrial problems such as the bleaching of pulp and the 
utilization of sulphite waste liquor is dependent to a large extent on a much 
more comprehensive knowledge of the structure and properties of lignin and, 
more specifically, of lignin sulphonic acid. A consideration, however, of the 
marked discrepancies in the results obtained by numerous investigators 
during the past 30 years indicates that very little definite progress has been 
made towards a final solution of the problem. 

Accordingly it was considered advisable to investigate thoroughly the 
isolation, properties, and structure of lignin sulphonic acid. The first step 
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is that of either adopting or developing a method for the isolation! without 
degradation, of a product free from inorganic salts and extraneous organic 
material. 

The isolation of lignin sulphonic acid has been carried out previously in 
three different ways, namely, by (a) precipitation, (b) salting-out, and 
( c ) dialysis. 

As precipitants, strong mineral acids (18), basic lead acetate (21), /3-naph- 
thylamine hydrochloride (11-16), quinoline (5), etc., have been used. Acid^ 
give only poor yields of a product that is difficult to wash and purify, while 
basic lead acetate precipitates phenolic compounds also. Dor6e (2), however, 
claims to have separated sulphite waste liquor, after dialysis, into three 
fractions by use of the latter method. 

Salts of the acid may be salted out of solution with calcium chloride or 
sodium chloride, etc. (17, 25, 26, 27). The yields (30-50%), however, are 
much poorer than those obtained by direct precipitation of an insoluble 
lignin sulphonic acid salt. Furthermore, the product is contaminated with 
large quantities of inorganic material, rendering a further purification necessary. 

It is doubtful whether any of the methods previously used gives a product 
completely free from polysaccharides and other materials of high molecular 
weight, although the claim is made that this is accomplished after dialyzing 
for 14 days (8, p. 35-36). The yield by this method is about 66% of the 
total lignin contained in the liquor, which is considerably better than that 
obtained by other methods. However, as shown in the present investigation, 
the sodium lignin sulphonate thus obtained does not contain an equivalent 
amount of the sodium ion. Samec (29-31) prepared a lignin sulphonic acid 
directly from sulphite liquors by dialysis, and considered that his product 
was homogeneous since the barium salt could not be fractionated. It is 
possible that dialysis removes lignin-like materials of lower molecular weight, 
since it was observed in the present investigation that coloring matter was re¬ 
moved from the liquor during the earlier stages of the dialysis, in which 
parchment membranes were employed. 

No satisfactory method for isolating lignin sulphonic acid in a pure state is 
therefore available, and in view of this a preliminary investigation of several 
methods was made. 

The use of basic lead acetate was discarded when it was found impossible 
to wash the slimy precipitate free from carbohydrates without incurring large 
losses of the lead salt. Also, the barium and quinine salts were found to be of 
little use because of the experimental difficulties involved in handling and 
washing the product. Finally a modification of Freudenberg’s method (7) 
(in which the product is precipitated with quinoline and isolated finally as 
the sodium salt) was adopted. 

Action of Methylating and Acetylating Agents on Free Lignin Sulphonic Acid 

The object of these experiments was to study the behavior of free lignin 
sulphonic acid towards common niethylating and acetylating reagents, e.g., 
diazomethane, methyl alcohol-hydrogen chlorjd$, acetic anhydride. and 
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pyridine, with a view to determining the best reaction conditions. Chart I 
•hows the nature of the results obtained. The behavior towards dimethyl 
sulphate is discussed in another section of this paper. 


Free lignin eulphonic add 
prepared by calcium bisul¬ 
phite cook, Experiment I 
<OCH„ 14.4%) 


Acetylation 
with pyridine and 
acetic 
anhydride 


Product insoluble in alkali 
and organic solvents 
(OCH», 11.1%) 


CHART I 

Action of CH,Ni Product insoluble in water, 

in methyl alcohol ■■■- » ■ alkali and organic solvents 
solution (OCH,, 18.4%) 


Action of CH,OH 
and 4% HC1 at —►- 
80° C. for two days 


Product soluble in water 
and methyl alcohol 
(OCH,, 16.8%) 


The reaction products obtained from the free acid both on methylation 
with diazomethane and on acetylation with pyridine and acetic anhydride 
were insoluble not only in organic solvents, but also in hot sodium hydroxide 
and sodium ethylate. This may indicate that the sulphonic acid group had 
not been esterified and that some modification in structure, possibly involving 
this group, had taken place under the influence of these reagents. 

The behavior of the free acid to these reagents demonstrates the extreme 
sensitiveness and instability of this product. From later work it was found 
that the solid sodium salt was much more stable than the free acid both 
towards heat and on standing, and it therefore served as a valuable material 
for further investigation. Diazomethane is an exceedingly reactive agent, 
while the esters of sulphonic acids also have shown a somewhat abnormal 
activity, so that a methyl ester of lignin sulphonic acid might also be expected 
to show a readiness to undergo inter- and intra-molecular changes. 

The product obtained by heating the free lignin sulphonic acid (OCH», 
14.3%) with absolute methyl alcohol and 4% hydrogen chloride contained 
16.8% methoxyl*, indicating that this product possessed one more methaxyl 
group than the original acid (see Table I). It is of interest that this product 
was apparently more stable than the original material. 


Isolation of Salts and Esters of Lignin Sulphonic Acid 
From these results it appeared that esters, or neutral salts, of lignin buI- 
phonic acid would be more suitable products for investigations dealing with 
chemical structure. 


Theft values all refer to ath-free products {tee Table I). 
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Previous preparations of metallic Balts of lignin sulphonic acid, e.g,, barium 
salts (17, 18, 24), were undoubtedly contaminated with inorganic matter 
such as barium carbonate, hydroxide or sulphate. 

Attempts by the authors to prepare a neutral thallium salt were also un¬ 
satisfactory for the same reason. 

Preparation of esters. It is evident that the isolation of a derivative soluble 
in organic solvents such as benzene or dioxane would eliminate this objection 
and possibly provide, at the same time, a means of purification from other 
impurities. The esters of lignin sulphonic acid, it was drought, would satisfy 
these conditions, but attempts to prepare the pure methyl and benzyl esters 
of the diazomethane-methylated lignin sulphonic acid were not very satis¬ 
factory (yields, 10-20%). The products, however, were soluble in organic 
solvents, the methyl and the benzyl esters containing 22.0% and 18.1% 
OCH» respectively. 

The residues left after extraction of the esters with organic solvents were no 
longer soluble in water and alkali—an indication that some fundamental 
change had occurred in the molecule, presumably a result of either an intra¬ 
molecular reaction involving the sulphonic acid group or a secondary inter- 
molecular change involving the reactive ester. This change is apparently 
similar to that observed when the free acid is methylated with diazomethane. 

Esters of sulphonic acids are very reactive substances that can be used as 
alkylating agents where dimethyl sulphate and alkali cannot be employed, 
for example, with phenolic aldehydes (28). They are used also to introduce 
both aryl and alkyl groups into the nucleus or side chains of a benzene ring. 
F6ldi (5) has shown that toluene sulphonic acid ethyl ester reacts with benzene 
to give mono-, di- and triethyl benzenes, while benzene sulphonic acid benzyl 
ester reacts with benzene yielding a mixture containing diphenyl methane 
and dibenzyl benzene. The benzyl ester is very reactive and attacks the 
nucleus (4). This reactivity of the sulphonic esters may be expected to become 
still more pronounced in the presence of the more reactive lignin molecule. 

Preparation of a neutral sodium lignin sulphonate. The attempts to 
prepare a pure sodium salt by precipitation from a slightly acid solution by 
means of absolute ethyl alcohol were unsuccessful, because the presence of 
the acid (hydrochloric) brought about a partial replacement of the sodium 
by hydrogen, a consequence of the permutoid character of the lignin sulphonic 
acul (19). In view of the greater solubility of sodium acetate in alcohol and 
the weaker character of acetic acid, the latter was substituted later for the 
hydrochloric acid, and sodium lignin sulphonate containing 5.16% sulphur 
and 4.05% sodium was obtained. The latter value is slightly higher than 
that of the neutral sodium salt prepared by electrometric titration (Na, 3.7%) 
as described below. 

Two dialysis experiments, using a parchment bag, were carried, out with the 
sodium lignin sulphonate. It was found that for a definite ’pH value the 
product contained a definite amount of metallic ion. Thus for pH values 
of 7 and 4 the sodium contents were 4.2% and 2.5% respectively. After 
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long-continued dialysis, the sodium salt, prepared from the commercial 
bisulphite liquors, always retained the same amount of sodium (2.4 to 2.5%), 
indicating that a definite equilibrium was finally established in the dialysis 
process. As shown later, the latter value for the sodium content is less than 
that required for the formation of a neutral sodium lignin sulphonate, so 
that the latter cannot be prepared by dialysis alone. However, the method is 
of importance since it may be used to prepare a lignin sulphonate in which 
all the sodium present is combined with the sulphonic acid group, thus 
permitting an accurate calculation to be made on an ash-free basis. 

The neutral sodium salt of lignin sulphonic acid may be prepared by neut¬ 
ralization, the endpoint being determined potentiometrically. The neutral 
sodium lignin sulphonate was found to have a pH value of 6, and a sodium 
content of 3.7%, the latter value being equivalent to the actual sulphur 
content (5.36%) calculated on an ash-free basis. A portion of the sulphur 
is held in a loosely bound state since, as is subsequently shown, it is split off 
during the methylation with dimethyl sulphate and alkali. 

Methylation of Sodium Lignin Sulphonate with Diazomethaihe 

Using the sodium salt of lignin sulphonic acid (OCHa, about 13.2%), a 
product fully methylated with respect to diazomethane was obtained, without 
the formation of any insoluble by-product such as that obtained when the 
free acid is methylated with the same reagent. The resulting cream-colored 
product (OCHj, 19.4%) was soluble in methyl alcohol and in water. 

Methylation of Lignin Sulphonic A cid with Dimethyl Sulphate in A Ikaline Solution 

The methylation of lignin sulphonic acid with dimethyl sulphate has been 
attempted by several investigators (10; 13; 8, p. 85; 27) but with little success, 
the end product being generally an insoluble material of lower sulphur content 
than the original substance and possessing a methoxyl value considerably 
lower than that obtained in the present investigation. H&gglund (9), on 
the other hand, methylated several lignin sulphonic acids isolated from com¬ 
mercial waste liquors and obtained a final average methoxyl content of 30.8%, 
while with lignin sulphonic acids prepared from various isolated lignins 
(Freudenberg and Willstatter lignins) a methylated product with a methoxyl 
content of 32% was obtained. Such results need occasion no surprise since, as 
will be shown in a later communication, when lignin derivatives, e.g., methyl 
alcohol lignin, are treated with 40% alkali at room temperature structural 
changes apparently occur with the possible formation of new hydroxyl groups. 

Freudenberg (7) in 1933 obtained a maximum value of 27.7% methoxyl 
for the free acid, but gave no details of his technique. 

By studying the behavior of the lignin sulphonic acid during methylation, 
the most suitable and efficient conditions for complete methylation were deter¬ 
mined, and are given in the Experimental Part. The product was fully 
methylated after five methylations (OCH», 26.5%), Calculated on an 
ash-free basis, the value (27.7%) agrees very well with that observed by 
Freudenberg (7). , * 
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Theoretical Considerations 

Although the true mechanism of sulphonation is not as yet understood, 
and the problem of the structure of lignin sulphonic acid requires further 
extended and intensive investigation, it is possible, with the present results, 
to make some interesting speculations involving the lignin ‘‘building unit”, 
C«HbQw, proposed by Brauns and Hibbert (1). 

It is apparent, from a review of the various theories concerning the mech¬ 
anism of the process of sulphonation, that there are two ways in which forma¬ 
tion of a stable sulphonic acid may take place without involving the formation 
of a new hydroxyl group; namely, (a) by addition of sulphurous acid to an 
ethylenic linkage, and ( b ) by sulphonation of an aromatic nucleus. The 
formula for a lignin sulphonic acid derived from the “building unit” of Brauns 
and Hibbert and containing the same number of hydroxyl groups would be 

C«H«0.(0CH,),(0H)eHS0 ! 0H (I) 

Fteudenberg (6,p. 128) has stated that it is possible that the sulphurous acid 
adds to a double bond, formed by the loss of a molecule of water. Another 
theory, also mentioned by Freudenberg (6, p. 128), is the possibility of the 
direct sulphonation of an aromatic nucleus. A more recent and important 
investigation on the action of bisulphites on resorcinol (20) tends to support 
this view and shows that such a sulphonation is accompanied by the loss of 
one hydroxyl group. 

On the basis of the above “building unit” of Brauns and Hibbert the corres¬ 
ponding formula for both of the above cases in which one hydroxyl group 
disappears would be 

C tt H u O,(OCH,),(OH),HSO s OH (II) 

In Table I a comparison is made of the methoxyl values found for the 
various derivatives prepared in the present investigation with those cal¬ 
culated from the above formulas. 

The experimental value for the methoxyl content of the free lignin sulphonic 
acid (14.4%) lies between the calculated values for the two formulas (I and II) 
containing four and five methoxyl groups respectively. This fact may be due 
to a loss of methoxyl groups during the sulphite cooking process. 

Although the calculated values for these formulas agree very well with 
those found experimentally, further investigation is necessary before a final 
decision can be made as to the true “building unit” of lignin sulphonic acid. 
However, the value of the fully methylated acid (27.7%, Table I) lends some 
support to the theory that the formation of the lignin sulphonic acid is preceded 
by the removal of a molecule of water. 

Experimental 

Experiment I—Preparation and Isolation of Lignin Sulphonic Acid (Laboratory 
Cook) 

Resin-free and vacuum-dried wood meal (588 gm., 65 mesh) was heated 
with 10 litres of calcium bisulphite liquor (containing 1 gm. of CaO and 4 gm. 
of SO* per 100 cc. water) in a chrome-nickel autoclave for two hours at 



TABLE I 

Comparison of experimental and calculated mbthoxyl values of lignin sulphonic acid derivatives* 
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100-110° C., followed by a further 4.5 hours at 122° C. The light-brown 
wood meal was filtered and the filtrate, together with the washings, con¬ 
centrated under reduced pressure at 30° C. to about two litres, and the calcium 
removed by precipitation with sodium carbonate. The filtrate was acidified 
with sulphuric acid (20%) until the change in color from brown to yellow 
occurred, then concentrated under reduced pressure, the temperature being 
kept below 40° C., and dialyzed for two days in a parchment bag with running 
distilled water. 

The dialyzed solution was filtered through a thin layer of charcoal, the 
lignin sulphonic acid precipitated as the lead salt by addition of a hot con¬ 
centrated solution of lead acetate, and the mixture centrifuged. The mother 
liquor was again treated with lead acetate and a few drops of ammonium 
hydroxide, whereupon a further quantity of the lead salt was thrown down, 
complete precipitation having presumably been prevented by the presence 
of acetic acid. It is therefore advisable to use a solution of basic lead acetate. 
The combined precipitates were washed with hot water and treated with 5% 
sulphuric acid in slight excess. The brown solution was filtered through 
charcoal, and the lignin sulphonic acid reprecipitated as the lead salt with 
basic lead acetate. The gelatinous, gummy material was washed by stirring 
the product with water and centrifuging. The product, which had been 
washed with about eighteen litres of distilled water, reduced Fehling’s solution 
only very slightly. The free acid was again liberated with slight excess of 
sulphuric acid and the solution, after filtration through charcoal, dialyzed in 
a parchment bag. 

The solution, which had increased considerably in volume, was concentrated 
under reduced pressure below 40° C. A precipitate separated out. This 
occurred more readily when the sulphuric acid had not been completely 
removed by dialysis. The concentrated solution was electrodialyzed con¬ 
tinuously for one week, filtered, concentrated at 25-30° C. to a very thick 
syrup and extracted with absolute methyl alcohol. The dissolved, free lignin 
sulphonic acid was precipitated as a coarse gray powder by pouring the 
methyl alcohol solution with rapid stirring into dry ether. It was filtered 
off, washed with ether, then with petroleum ether, and dried in a vacuum 
desiccator over sulphuric acid. Found: OCH», 14.1; ash, 1.63%. Calcd. 
on an ash-free basis for the free acid: OCH», 14.4%. 

Experiment II—Isolation of Lignin Sulphonic Acid from Commercial Calcium 
Bisulphite Liquor 

The calcium bisulphite waste liquor used was taken from a,.commercial 
digester of the Howard Smith Paper Mills, prior to increasing the tem¬ 
perature above 125° C., and, therefore, before the darkening in color had 
occurred. The calcium was precipitated with excess sodium carbonate and 
the filtrate concentrated under reduced pressure, at a temperature not above 
25° C., to a thick viscous syrup. It was then dialyzed in a parchment bag 
with running distilled water, sulphur dioxide meanwhile being passed into 
the solution. After six days the dialysis was complete, the liquor being almost 
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free from reducing sugars and inorganic salts. The volume was made up 
to five litres, the solution acidified (Congo paper) with dilute sulphuric arid, 
and the lignin sulphonic acid precipitated by addition of a concentrated 
solution of quinoline sulphate. The cream-colored, curdy quinoline salt was 
allowed to settle, and the supernatant liquor removed. The precipitate was 
washed with dilute quinoline sulphate and centrifuged. It was then decom¬ 
posed with dilute sodium hydroxide, reprecipitated with acidified quinoline 
sulphate and washed with dilute quinoline sulphate. The precipitate was 
decomposed with an excess of dilute sodium hydroxide (5%), the solution 
concentrated at 30° C. under reduced pressure and extracted for 48 hr. with 
ether to remove the quinoline. The aqueous solution was acidified with dilute 
sulphuric acid ( 10 %) and extracted a further 48 hr. with ether. The concen¬ 
trated aqueous solution was then dialyzed in a parchment bag for several 
days, the solution being concentrated when found necessary. 

The product is an equilibrium mixture of the free lignin sulphonic acid 
and the sodium salt of lignin sulphonic acid and is completely free from in¬ 
organic matter, carbohydrates, tannins and other resinous material. The 
free acid was prepared by a long-continued electrodialysis of this solution with 
frequent additions of sulphuric acid. However, since it was found that the 
sulphonic acid is unstable, the material was converted into the sodium salt 
and retained in the form of a stable aqueous solution for subsequent 
use. 

Behavior of Free Lignin Sulphonic Acid towards Methylating and Acetylating 
Agents 

The following experiments were carried out with the free lignin sulphonic 
acid (OCH3, 14.4%) prepared in Experiment I. 

(a) Behavior towards diazomethane. Lignin sulphonic acid (0.5 gm.), dis¬ 
solved in absolute methyl alcohol, was methylated with diazomethane ob¬ 
tained from 2 cc. of nitroso-methyl urethane. During the reaction the product 
separated out as a brown flocculent precipitate from the pale amber-colored 
solution. It was allowed to stand overnight and, after washing it with methyl 
alcohol, ether and petroleum ether, it was dried in a vacuum desiccator over 
sulphuric acid. The yellowish-brown product was insoluble in hot and cold 
aqueous and alcoholic sodium hydroxide, as well as in common organic 
solvents. It contained no nitrogen. Found: Ash, 0.05%; OCH 3 , 18.4%. 

(b) Acetylation with pyridine and acetic anhydride. Methyl-alcohol soluble 
lignin sulphonic acid (OCH3, 14.4%; 0 .3 gm.) was added to a mixture of 10 cc. 
of pyridine and 5 cc. of acetic anhydride. The lignin sulphonic acid suspen¬ 
sion became, almost immediately, flocculent in appearance and lighter in 
color. The mixture was shaken 24 hr. and then poured on to 400 cc. of cracked 
ice. The suspension was centrifuged and the product washed and dried. 
The dark, horny material, which was insoluble in sodium hydroxide and 
organic solvents, was powdered in an agate mortar and dried. Found: 
Ash, 0 . 66 ; OCH 3 , 11 . 0 %. Corrected OCHs for the ash-free acid, 11.1% 
(Table I). 
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(c) Action of methyl alcohol containing anhydrous hydrochloric acid. The 
lignin sulphonic acid (OCHs, 14.4%) used in this experiment had become 
partially insoluble in absolute methyl alcohol. A suspension of 0.2 gm. in 25 cc. 
of methyl alcohol containing 4% anhydrous hydrochloric acid was heated 
in a sealed tube, with shaking, at 80° C., for two days. A small insoluble 
residue remained. The filtrate was concentrated at room temperature and 
the reaction product precipitated by pouring into ether. Yield, 80%. Found; 
Ash, 3.11; OCHj, 16.3%. Corrected OCH 3 for the ash-free acid, 16.8% 
(Table I). 

Preparation of the Methyl Ester of Lignin Sulphonic Acid Premethylated with 
Diazomethane 

A methyl alcohol solution of the sodium salt of lignin sulphonic acid (0.5 
gm.) which had been previously methylated with diazomethane to a methoxyl 
content of 18.4% was added to a solution of 0.16 gm. of silver nitrate in 
75 cc. of methyl alcohol. About 0.5 gm. of the freshly precipitated silver 
salt thus obtained was suspended in dioxane and heated with 4 cc. of methyl 
iodide under pressure for 12 hr. at 80° C. The dioxane solution after centri¬ 
fuging was concentrated to about 10 cc., filtered, and precipitated in ether. 
The grayish-fawn colored material obtained after washing with ether and 
petroleum ether, and drying, was soluble in the common organic solvents. 
Yield, 0.05 gm. Found: OCH s , 22.0% (Table I). The residue was in¬ 
soluble in the same solvents and in water. 

Preparation of the Benzyl Ester of Lignin Sulphonic Acid Premethylated 
with Diazomethane. 

The dry silver salt of diazomethane-methylated lignin sulphonic acid 
(0.5 gm.) was suspended in 20 cc. of dioxane and heated with 1 cc. of freshly 
distilled benzyl chloride (b.p. 176° C.) at 70-80° C. for five hours. As no 
appreciable change in the reaction mixture was observable it was heated for 
a further four hours at 100 ° C. The reaction was carried out with stirring, 
in the absence of moisture, in a glass apparatus with a mercury,seal. The 
suspension was centrifuged, the residue washed with dioxane, and the com¬ 
bined mother liquor and washings concentrated under reduced pressure to a 
small volume. The product was precipitated in ether, washed and dried in 
the usual manner. Yield, 0.12 gm. Found: OCHs, 18.1% (Table I). 

Preparation of the Sodium Salt of Lignin Sulphonic Acid 

Method 1.—Precipitation from ethyl alcohol solution. Purified lignin sul¬ 
phonic acid, prepared from commercial bisulphite liquor (Experiment II) 
and containing some sodium bicarbonate, was concentrated to a*thin syrup. 
It was then made slightly acid with hydrochloric acid, filtered, and added 
dropwise to 15 times its volume of absolute ethyl alcohol. The slimy precipitate 
was washed with absolute alcohol—a matter of considerable difficulty owing 
to the formation of heavy suspensions. A small sample was Washed further 
with ether and petroleum ether and dried. Found: Na, 3.12, 3.16; OCH 3 , 
13.7%. Corrected OCH3 for the ash-free acid, 14.1%. 
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The continued repetition of this procedure yielded a product with a sodium 
content of 1%, indicating that the hydrochloric acid merely removed sodium 
and liberated the free acid. 

Method 2.—Precipitation with alcohol from a solution containing a slight excess 
of sodium acetate. A concentrated solution of the dialyzed lignin sulphonic 
acid (3 gm.) obtained from commercial waste sulphite liquor (Experiment II) 
was acidified with acetic acid, and the material precipitated in a litre of absolute 
ethyl alcohol. The flocculent precipitate was centrifuged and washed twice 
with absolute alcohol. A sample was washed carefully with ether, the product 
being allowed, during each washing, to stand in contact with the ether for 
some time, then treated similarly with petroleum ether, and the light grayish- 
brown fluffy product dried at 100° C. and 12 mm. pressure over phosphorus 
pentoxide. Found: Na, 4.12, 3.97; S, 5.12, 5.19%. Corrected for the 
ash-free acid: S, 5.36%. 

Method 3.—By dialysis. In order to investigate dialysis as a method for 
the preparation of the neutral sodium salt of lignin sulphonic acid, the following 
experiments were carried out: (a) determination of the sodium content of the 
sodium salt of lignin sulphonic acid prepared by dialyzing to a pH of 7; 
(i b ) dialysis of the sodium salt to a constant sodium content. 

Experiment (a): A sample of the pure lignin sulphonic acid (Experiment II) 
containing an excess of sodium bicarbonate was placed in a small parchment 
bag and dialyzed. The results are summarized in Table II. 


TABLE II 

Variation in sodium content of the sodium lignin sulphonate solution with 
pH value between 6 and 7 


Progressive treatment of sodium salt of lignin 
sulphonic acid 

Sodium. 

% 

pH of 
solution 41 

Dialyzed 24 hr., 1 cc, NaOH (30%) added, and dialyzed 
a further 20 hr. 

4.0 

6.3 to 6.4 

1 cc. NaOH (30%) added, dialyzed 18 hr., sufficient 
NaOH (6%) added to give a pH of 7 and one drop in 
excess 

4.37 

Above 9 

Dialyzed a further 18 hr. 

3.82 

5.9 to 6.0 

Sufficient NaOH (1%) added to give a pH of 7 

4.22 

7.0 to 7,1 


•The pH measurements mere made using the Wulff ‘‘Indikator-Folien’’ method. 


Experiment ( b): A sample of the same sodium lignin sulphonate solution 
as used in Experiment ( a ) was dialyzed continuously in a small parchment 
bag without any addition of sodium hydroxide. An aliquot portion was 
taken at ijitervals to determine the sodium content of the solid material and 
the pH of the solution. Constant values of 2.41% for sodium and 4 to 4.2 
for pH were obtained after six to seven days’ dialysis. The solution was 








KING, BRAUNS AND B1BBERT: LIGNIN SULPBONIC ACID 


99 


acidified with acetic acid and dialyzed for 24 hr. The sodium content was 
then found to be 1.31%, indicating the ease with which the equilibrium is 
disturbed. About 0.5 gm. of sodium acetate was added and the solution 
again dialyzed until the sodium content was constant (2.49%). A solution 
of the sodium lignin sulphonate, therefore, can be dialyzed to a constant 
sodium content (2.4 to 2.5%), which is less than the amount of sodium 
equivalent to the sulphur content of the lignin sulphonic acid. 

Method 4.—Electrometric titration: The most satisfactory method for 
preparing a neutral sodium lignin sulphonate is by the use of electrometric 
titration to the point of neutrality. 

The potentiometric titration was carried out using the circuit and set-up of 
Maclnnes (22,23) and of Elder (3)*. The glass electrode was first standardized 
by means of two buffer solutions of known pH, 3.5 and 5.5 respectively. 



Fig. 1. Electrometric titration curve of lignin sulphonic acid. 

The potential of the cell, formed by combination of the buffer solution with 
a calomel half-cell and a hydrogen electrode, was measured in each case with 
a Leeds and Northrop potentiometer, and amounted to 0.166 aqdO. 274 volts 

•The authors wish to express their thanks tfi Dr. Wyatt Johnston, Acting-Director of the Pulp 
and Paper Division, Forest Products Laboratories of Canada, for the loan of the equipment, and In 
Dr. Yorston for the assembling of it. 
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respectively. The potentiometer readings were plotted on a graph against 
the corresponding pH values of the buffers. The straight line graph obtained 
by joining these two points gave the variation of the potentiometer reading 
with the pH value. The two half-cells were connected by means of SO cc. 
of lignin sulphonic acid solution (containing about 1.7% sodium based on 
the anhydrous weight of the lignin sulphonic acid present). The potentio¬ 
meter readings corresponding to the additions of small volumes of stan¬ 
dardized 0.05 N sodium hydroxide to the lignin sulphonic acid solution were 
observed, and the corresponding pH values obtained from the curve. These 
values were plotted, using the pH values as ordinates and the number of cubic 
centimetres of 0.05 N alkali as abscissas (Fig. 1). The midpoint between 
the two breaks (pH, 7.85 and 4.15) in the curve was taken as the endpoint 
of the reaction, this corresponding to a pH value of 6 (equivalent to the addi¬ 
tion of 4.85 cc. of 0.05 N sodium hydroxide). 

A second 50 cc. of the same lignin sulphonic acid solution was then neu¬ 
tralized with 4.85 cc. of the sodium hydroxide solution previously employed, 
the sodium content of the sodium lignin sulphonate determined and found to 
correspond to that obtained for the sodium salt prepared by Method 2. Found: 
Na, 3.71; S, 5.1%. 

The product is therefore the true neutral sodium salt of lignin sulphonic 
acid, since the stoichiometric ratio of sodium to sulphur (23 :32 or 1 :1.4) 
is that actually found for the sodium salt (3.7 :5.1 or 1 :1.4). The dis¬ 
crepancy between the found and calculated values arises from the presence 
in the sodium product of some sodium salt of a higher sulphonated unstable 
acid in addition to the sodium monosulphonate. Calcd. for C 4 sH»iOe(OH)« 
(OCH,),H.SOjONa : Na, 2.4; S, 3.3%. 

Methylation of the Purified Sodium Salt of Lignin Sulphonic Acid with 
Diazomethane 

To show that a methylation of the phenolic hydroxyl group may be carried 
out without a simultaneous esterification of the —SO*H group, a sample of the 
sodium salt of 1 :4 a-naphthol sulphonic acid was methylated in absolute 
methyl alcohol solution with diazomethane. Found: OCH*, 11.7%. Calcd. 
for CuH»0<SNa: OCH,, 11.9%. 

Pure sodium lignin sulphonate was then methylated several times in the 
following manner. Diazomethane from 15 cc. of nitroso-methyl urethane was 
passed into a concentrated aqueous solution of the purified sodium salt of 
lignin sulphonic acid (OCH, about 13.2%) cooled in an ice bath. The mixture 
was allowed to stand for 24 hr. at 16° C. An aliquot portion was then filtered 
and the product precipitated by adding the solution to a mixture of 70 parts 
of alcohol and 30 parts of ether. The light cream colored product was washed 
successively with alcohol-ether, ether-petroleum ether and petroleum ether, 
and dried over sulphuric acid in a vacuum desiccator. A 'sample was dried 
at 100° C. for 12 hr. under reduced pressure and analyzed for methoxyl 
content. The main portion of the solution was methylated in this manner to 
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constant methoxyl content, using different solvents. During the latter 
methylations a violent evolution of nitrogen occurred and the solution became 
much lighter in color. The results are shown in Table III. 

TABLE III 

Methylation of sodium lignin sulphonate with diazomethane 


Description 

Methoxyl content, 

% 

Sodium lignin sulphonate 

13 2 

After first methylation (in aqueous solution) 

14.6 

After second methylation (in aqueous solution) 

14.9 

After third methylation (in aqueous acetone) 

After fourth methylation (in 98% acetone) 

16.0 

17.3 

After fifth methylation (in methyl alcohol) 

18 4 

After sixth methylation (in methyl alcohol) 

18.4 


The final product, containing an excess of sodium bicarbonate, was dialyzed 
for three days with the addition of acetic acid and isolated by the usual proce¬ 
dure. Found: OCH», 18 9, 18.8; Na, 3.00%. Corrected OCH3 for the 
ash-free product: 19.4%. 

Methylation of the Sodium Salt of Lignin Sulphonic Acid with Dimethyl Sulphate 

The sodium salt (10 gm.) prepared from commercial sulphite liquor (Ex¬ 
periment II) was dissolved in the least possible amount of water and 100- 
150 cc. of acetone added. The methylation was carried out in homogeneous 
phase at 25° C., five consecutive additions being made over a period of five 
hours. Each addition occupied 20 min., during which period a simultaneous 
addition of 24 cc. of dimethyl sulphate and 38 cc. of 30% sodium hydroxide 
was made, and the stirring continued for a further 40 min. The mixture, 
after having been stirred for a further two hours to complete the reaction, 
was slightly alkaline. Any salting-out of the material during -the process 
indicated too high a concentration of alkali and was adjusted either by the 
addition of more acetone to the reaction mixture or by am increase in the rate 
of flow of the dimethyl sulphate. 

The amber-colored solution wais dialyzed overnight with distilled water. 
The liquid, which had then almost doubled in volume, was concentrated to 
about 500 cc. under reduced pressure at 30-35° C. in a "foam-breaker" dis¬ 
tillation flask. It was then dialyzed for about 36 hr. until presumably free from 
sulphate. The solution was concentrated to about 100 to 150 cc.-and methy¬ 
lated four times in the same manner. The final solution was dialyzed for 
54 hr. and a small sample concentrated to dryness. The product was dis¬ 
solved in methyl alcohol and precipitated in 10 times its volume of ether. 
The fine, canary-yellow colored precipitate was washed consecutively with 
alcohol, ether and petroleum ether, and dried. 
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The remainder was methylated for a fifth and sixth time by the same 
technique, the solution dialyzed for 54 hr. in distilled water, and a sample 
analyzed. The results are contained in Table IV. 

TABLE IV 

Methylation of sodium lignin sulphonatb with dimethyl sulphate 


Description 

Na 

% 

OCH, 

% 

Sodium lignin sulphonate 


13.2 

After fourth methylation 

3.49 

26.2 

After fifth methylation 

3.34 

27.0 

After sixth methylation 

3.37 

26.5 


Calculated on an ash-free basis, the fully methylated lignin sulphonic acid 
contained 27.7% OCHa. 

A solution of the fully methylated lignin sulphonic acid was electrodialyzed. 
Found: Na, 0.89; S, 3.08, 3.15%. Corrected sulphur content for the ash¬ 
free product: 3.15%. 

References 

1. Brauns, F. and Hibbert, H. J. Am. Chem. Soc. SS : 4720-4727. 1933. 

2. Dor&b, C. and Hall, L. J. Soc. Chem. Ind. 44 :270T-274T. 192S. 

3. Elder, L. W. Jr. J. Am. Chem. Soc. 51 :3266-3272. 1929. 

4. FSldi, Z. Ber. 61 :1609-1616. 1928. 

5. F8ldi, Z. B.P. 319,273, Sept. 19. 1928. Chem. Abstr. 24 : 2471-2472. 1930. 

6. Freudrnberg, K. Tannin, cellulose, lignin. J. Springer, Berlin. 1933. 

7. Freudenberg, K. and Sohns, F. Ber. 66 : 262-269. 1933. 

8. Fuchs, W. Die Chemie des Lignins. J. Springer, Berlin. 1926. 

9. HXgglund, E. and Carlsson, G. E. Biochem. Z. 257 :467-477. 1933. 

10. Hbuser, E. and Samuslsen, S. Cellulosechemie, 3 :78-83. 1922. 

11. Klason, P. Ber. 53 : 706-711. 1920. 

12. Klason, P. Ber. 53 :1862-1863. 1920. 

13. Klason, P. Ber. 53 :1864-1873. 1920. 

14. Klason, P. Ber. 55 :448-455. 1922. 

15. Klason, P. Svcnsk Kern. Tid. 34 :4. 1922. 

16. Klason, P. Cellulosechemie, 13 :113-119. 1932. 

17. Klason, P. Beitr&ge zur Kenntnis der chemischen Zusammensetzung des Fichtenholzes. 

Berlin. 1911. 

18. K6nig, F. Cellulosechemie, 2 :93-101. 1921. 

19. Kullgren, C. Svensk Pappers-Tid. 36 : 449-501; 532-538. 1933. 

20. Lauer, W. M. and Langkammerer, C. M. J. Am. Chem. Soc. 56 :1628-1629. 1934. 

21. Lindsey, J. B. and Tollens, B. Ann. 267 :341-366. 1892. 

22. MacInnes, D. A. and Beattie, J. A. J. Am Chem. Soc. 42 :1117-1128. 1920. 

23. MacInnes, D. A. and Dole, M. J. Ind. Eng. Chem., Anal. Ed. 1; 57-59. 1929. 

24. McKee, R. H. and Barsky, G. Paper Trade J. 74 : No. 20, 46-48. 1922. 

25. Melander, K. H. J. Soc. Chem. Ind. 38 : 625A. 1919. 

26. Melander, K. H. Cellulosechemie, 2 :41-43; 69-73. 1921. 

27. Nitfb, W. and Ogait, A. Cellulosechemie, 11:38-41. 1930. 

28. Rodionov, V. M. Bull. soc. chim. 45 :109-121. 1929. 

29. Sambc, M. and Rebee, M. Kolloidchem. Beihefte, 16 : 215-233. 1922. 

30. Sambc, M. and Rbbbk, M. Kolloidchem. Beihefte, 19 :106-114. 1924. 

31. Sambc, M. and Ribaric, I. Kolloidchem. Beihefte, 24 :157-180. 1927. 










103 


STUDIES ON LIGNIN AND RELATED COMPOUNDS 

XIX. ALKALI LIGNIN 1 

By H. Borden Marshall*, Fritz Brauns* and Harold Hibbert 4 

Abstract 

Alkali lignin was prepared by the method of Mehta (6). It was separated 
into two fractions, termed Alkali Lignin A, insoluble in dioxane-ether, and 
Alkali Lignin B, soluble in dioxane-ether. Both compounds were acctylated, 
partially methylated with diazomethane and fully methylated using dimethyl 
sulphate and sodium hydroxide. Treatment of both alkali lignins with phenol, 
using hydrogen chloride as catalyst, yielded phenol condensation products. 
Phenol Alkali Lignin A was acctylated, partially methylated with diazo¬ 
methane and completely methylated with dimethyl sulphate and sodium 
hydroxide. It was found that one mole of Alkali Lignin A reacted with two 
moles of phenol. Alkali Lignin B yielded two phenol derivatives, an ether- 
insoluble and an ether-soluble product, which differ in the number of attached 
phenol groups. p-Bromphenol and e-bromphenol were also shown to react with 
Alkali Lignin A giving lignin derivatives having identical methoxyl and bromine 
content. On treatment of Alkali Lignin A with anhydrous methyl alcohol and 
hydrogen chloride a product with a higher methoxyl content was obtained, in¬ 
dicating the presence of hydroxyl groups capable of methylation with this reagent. 
From the analytical data of the different compounds some theoretical con¬ 
clusions are drawn, and empirical formulas derived. 


Introduction 

Alkali lignin, that is, lignin isolated with alkali and precipitated by means 
of mineral acids, has been used as a starting material by many investigators. 
The results obtained, however, varied so remarkably that it was necessary to 
re-investigate the subject by carrying out the extraction of the lignin under 
certain well defined conditions. The alkali lignin so obtained could be 
separated into a dioxane-ether insoluble fraction (Alkali Lignin A) and 
a dioxane-ether soluble fraction (Alkali Lignin B). Alkali Lignin A has 
a methoxyl content of 15.0%, which differs markedly from that obtained 
by other investigators (4, 6). Alkali Lignin B has not been isolated 
hitherto by any investigator, in spite of the fact that it is present In an appre¬ 
ciable quantity (20%). Its methoxyl content (14.0%) is only a little lower 
than that of Alkali Lignin A, but a more striking difference between them is 
found in their behavior on methylation. 

From both alkali lignins, acetylated, partially methylated and fully methy¬ 
lated derivatives were prepared, thus indicating that theycontain free hydroxyl 
groups. Methylation with diazomethane gives products of a higher methoxyl 

1 Original manuscript received March 21 , 1935. 
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lowship. 
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value which still contain free hydroxyl groups, as shown by acetylation and by 
complete methylation with dimethyl sulphate and sodium hydroxide. Since 
the methoxyl groups are stable towards alcoholic sodium hydroxide solution, 
the absence of carboxyl groups is indicated. 

Treatment of Alkali Lignin A with methyl alcohol and hydrogen chloride 
increases the methoxyl content by 5.4%, and a subsequent treatment with 
diazomethane caused an additional increase of about 8%. 

The action of phenol on Alkali Lignin A yields a condensation product and 
since in three different experiments a product with the same methoxyl value 
was always obtained, it seems that the phenol and Alkali Lignin A react in a 
definite stoichiometrical proportion. Acetylation, partial and complete 
methylation of Phenol Alkali Lignin A was carried out in order to determine 
the number and type of the free hydroxyl groups. 

Treatment of Alkali Lignin A with p- and o-bromphenol gives condensation 
products having the same methoxyl (13.5%) and bromine content (6 05%). 
These bromphenol compounds may be used as a basis for the theoretical 
considerations of the experimental results. 1 

The bromine content of p-bromphenol (mw. = 173) is 46 2%, while that 
of both phenol lignins is 6 05%. From these figures a value for the molecular 
weight, M, of the p-Bromphenol Alkali Lignin A building unit may be cal¬ 
culated by use of the following equation, in which the amount of bromine 
present in each compound is equated: 


or 


6 05 
100 


X M 


46 2 
100 


X 173, 


M - 1321. 


This value represents the smallest molecular weight for the Bromphenol 
Alkali Lignin A building unit, in which only one bromphenol has reacted 
with each lignin unit Evidence for the correctness of this value is shown 
by the agreement between the methoxyl values of the different Alkali 
Lignin A derivatives found experimentally, and those calculated on the 
basis of this molecular weight. 

It is obvious that this value cannot be regarded as accurate within narrow 
limits, as a small error in bromine or methoxyl content causes an appreciable 
difference in the resulting molecular weight. These differences, however, are 
still within the error allowable in molecular weight determinations. 

Three combustions of Alkali Lignin A gave the following average values:— 
carbon, 64.75; hydrogen, 5.71; oxygen, 29.54%. The methoxyl content was 
15.0%. From these values the following empirical formula is obtained: 

Q«HhA« and (OCHj)o .48 

Since each Alkali Lignin A unit must possess a definite whole number of 
methoxyl groups, the molecular weight of this unit can be calculated from 
the methoxyl content and the number of methoxyl groups present. If it be 
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assumed that each unit contains only one methoxyl group, then the molecular 

weight, M, of the smallest unit can be calculated as follows: 

100 x 31.02 _ 

- - -- 

M - 206 


The molecular weight of Alkali Lignin A can also be calculated from that 
of the bromphenol compound by allowing for the presence of bromphenol 
and adding one mole of water (1321 — 173 + 18= 1166). Since the molec¬ 
ular weight of Alkali Lignin A is approximately 1170 and that of the smallest 
unit containing one methoxyl group is 206, it is evident that six methoxyl 
groups must be present in the minimum Alkali Lignin A building unit, which 
therefore has a molecular weight of 6 X (206) = 1236, a value in good agreement 
with that calculated independently from the bromphenol lignin analyses. 

In order to arrive at a formula for Alkali Lignin A containing six methoxyl 
groups, the smallest empirical formula must be multiplied by 6/0.48 (= 12.5), 
thus giving the empirical formula: 

CtrHnQii, 

with a molecular weight of 1244, which agrees very well with 1166, the value 
found independently from the analytical data of the Bromphenol Alkali 
Lignin A. Since there are six methoxyl groups present in the original Alkali 
Lignin A, the bromphenol compound also contains the same number. Its 
calculated methoxyl value is therefore 13.3% and the bromine 5.71%, while 
the found values are 13.4% and 6.05% respectively. 


The number of methoxyl groups, x, present in the diazomethane-methylated 
and those, y, of the fully methylated Alkali Lignin A can be calculated from 
the following equations:* 


22.3 X 12 5 . 32.0 X 12.5 

31.02 “ : y “ 31.02 


12.9 


The ratio of hydroxyl to methoxyl to acetyl groups and the analytical data 
of the different derivatives found and calculated on the basis of the above 
formula for Alkali Lignin A are shown in Table I. 

In contrast with the WillstStter- and Freudenberg-phenol lignins (3), 
Alkali Lignin A reacts with a smaller number of phenol molecules. From 
the experimental results obtained with Bromphenol Alkali Lignin A, it was 
found 'that a single bromphenol molecule reacts with the Alkali Lignin A to 
form an ether, and it seems permissible to assume that with the Phenol 
Alkali Lignin A a similar reaction occurs. The lower methoxyl content 
however indicates that a second phenol molecule must have reacted in a 
manner similar to that observed in the case of other phenol lignin derivatives(2). 
This is confirmed by the agreement between the analyses found for the Phenol 
Alkali Lignin A derivatives and the corresponding values calculated (Table II). 

*22.3 and 32,0 are the per cent metkoxyLfound for diaeomethane-methylated and for the fatty 
methylated Alkali Lignin A respectively, while 12.5 ts the multiplication factor used in c onnect ion 
with the minimum empirical formula (see page 104). 



TABLE III 


108 


CANADIAN JOURNAL OF RESEARCH. VOL. IS, SEC. B. 



Fully methylated Alkali Lignin B (ChiH U iO ot ) 0 • 20 : 0 29 0 28 9 66 84 66 42 6 17 6 05 
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Experimental 

Alkali Lignin A 
Preparation of Alkali Lignin A 

Wood meal (180 gm.), previously extracted successively with benzene- 
alcohol, water and caustic soda solution (5%) was placed in a rotary iron 
digester with one litre of sodium hydroxide solution (4%), and the air replaced 
by nitrogen. The temperature was raised to 172° C. in 20 min., and main¬ 
tained there for one hour. The solution was filtered off and the pulp washed 
with cold sodium hydroxide (1%). The combined filtrate was cooled, acidi¬ 
fied with concentrated hydrochloric acid, and the precipitated lignin centri¬ 
fuged off and dialyzed until neutral to Congo paper. The product was again 
centrifuged and dried to a thick paste on the suction filter. While still moist 
it was dissolved in dioxane, and the solution dried with anhydrous magnesium 
sulphate, filtered, and concentrated under diminished pressure to about 
400 cc. The lignin was precipitated by adding this solution dropwise to about 
four litres of anhydrous ether. The precipitate was allowed to settle, the 
ether decanted off, and the lignin washed with dry ether, until the washings 
were colorless, and finally with petroleum ether (30-50° C.). It was centri¬ 
fuged and dried. Yield, 35.6 gm., or 20% of the original wood meal. 

The crude lignin from three such preparations had a methoxyl content of 
14.2, 14.2 and 14.3% respectively. Analysis of purified material*;—Found: 
C, 64.5, 64.7, 64.7; H, 5.6, 5.8, 5.7; OCH», 14.9, 14.9, 14.9%. Calcd. 
for C h H«0 1 o(OCH,)«(OH) 7 , [1244]: C, 64.6, H, 5.8; OCH,, 15.0%. 

Alkali Lignin A is a fine, light-brown powder, soluble in dioxane, pyridine, 
alcohol, acetone, glycol monomethyl ether, glacial acetic acid and sodium 
hydroxide, but insoluble in ether, petroleum ether, and benzene. 

Acetylation of Alkali Lignin A 

Alkali Lignin A (6 gm.) was dissolved in 30 cc. of pyridine, and 18 cc. of 
acetic anhydride added. After it had stood at room temperature for 50 hr. 
the solution was poured on to crushed ice. The precipitate was filtered off, 
washed with distilled water, and dried. Yield, 6.78 gm. The product was 
purified twice by dissolving it in dioxane, centrifuging, filtering and precipitat¬ 
ing with ether. It was washed with ether and petroleum ether, and dried. 
Found: C, 64.2, 63.8; H, 5.4, 5.6; OCH,, 12.2, 12.0;COCH,, 21.7, 22.2%. 
Calcd. for C« 1 H«O, 0 (OCH s )e(OCOCH J ) J , [1538]: C, 63.2; H, 5.6; OCH,, 
12.1;. COCH,, 19.6%. 

The acetylated Alkali Lignin A is a light-brownish substance, insoluble in 
ether, petroleum ether, carbon tetrachloride, alcohol, and water, and soluble 
in dioxane, pyridine, acetone, chloroform, and ethyl acetate. * 

Methylation with Diazomethane 

Alkali Lignin A (8 gm.) was dissolved in 60 cc. of dioxane and methylated 
with the diazomethane prepared from 15 cc. of nitroso-mothyl urethane. 
This methylation process was repeated until there was no furtner increase in 
methoxyl content. The product' was twice purified by precipitation of 
* After five precipitations with dioxane-ether. 
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Experimental 

Alkali Lignin A 
Preparation of Alkali Lignin A 

Wood meal (180 gm.). previously extracted successively with benzene- 
alcohol, water and caustic soda solution (5%) was placed in a rotaTy iron 
digester with one litre of sodium hydroxide solution (4%), and the air replaced 
by nitrogen. The temperature was raised to 172° C. in 20 min., and main¬ 
tained there for one hour. The solution was filtered off and the pulp washed 
with cold sodium hydroxide (1%). The combined filtrate was cooled, acidi¬ 
fied with concentrated hydrochloric acid, and the precipitated lignin centri¬ 
fuged off and dialyzed until neutral to Congo paper. The product was again 
centrifuged and dried to a thick paste on the suction filter. While still moist 
it was dissolved in dioxane, and the solution dried with anhydrous magnesium 
sulphate, filtered, and concentrated under diminished pressure to about 
400 cc. The lignin was precipitated by adding this solution dropwise to about 
four litres of anhydrous ether. The precipitate was allowed to settle, the 
ether decanted off, and the lignin washed with dry ether, until the washings 
were colorless, and finally with petroleum ether (30-50° C.). It was centri¬ 
fuged and dried. Yield, 35.6 gm., or 20% of the original wood meal. 

The crude lignin from three such preparations had a methoxyl content of 
14.2, 14.2 and 14.3% respectively. Analysis of purified material*;—Found: 
C, 64.5, 64.7, 64.7; H, 5.6, 5.8, 5.7; OCH s , 14.9, 14.9, 14.9%. Calcd. 
fpr C 61 H4 Ao(OCH,).(OH) 7 , [1244]: C, 64.6, H, 5.8; OCH,, 15.0%. 

Alkali Lignin A is a fine, light-brown powder, soluble in dioxane, pyridine, 
alcohol, acetone, glycol monomethyl ether, glacial acetic acid and sodium 
hydroxide, but insoluble in ether, petroleum ether, and benzene. 

Acetylation of Alkali Lignin A 

Alkali Lignin A (6 gm.) was dissolved in 30 cc. of pyridine, and 18 cc. of 
acetic anhydride added. After it had stood at room temperature for 50 hr. 
the solution was poured on to crushed ice. The precipitate was filtered off, 
washed with distilled water, and dried. Yield, 6.78 gm. The product was 
purified twice by dissolving it in dioxane, centrifuging, filtering and precipitat¬ 
ing with ether. It was washed with ether and petroleum ether, and dried. 
Found: C, 64.2, 63.8; H, 5.4, 5.6; OCH,, 12.2, 12.0; COCHj, 21.7, 22.2%. 
Calcd. for C M H„O I0 (OCH,) # (OCOCH s ) 7 , [1538]: C, 63.2; H, 5.6; OCH,, 
12.1; COCH,, 19.6%. 

The aoetylated Alkali Lignin A is a light-brownish substance, insoluble in 
ether, petroleum ether, carbon tetrachloride, alcohol, and water, and soluble 
in dioxane, pyridine, acetone, chloroform, and ethyl acetate. 

* 

Methylation with Diazomethane 

Alkali Lignin A (8 gm.) was dissolved in 60 cc. of dioxane and methylated 
with the diazomethane prepared from 15 cc. of nitroso-methyl urethane. 
This methylation process was repeated until there was no furthei^increase in 
methoxyl content. The product was twice purified by precipitation of 
* After fine precipitations with dioxane-ether. 
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the dioxane solution into ether. ^Found: C, 66.4, 66.6; H, 6.6, 6.9; 
OCH,, 22.2%. Calcd. for C n H„Oio(OCH,), (OH) 4 , [1286]: C, 6S.3; H, 6.1; 
OCH», 21.7%. 

The methylated product is a light-yellow powder insoluble in sodium 
hydroxide, ether and alcohol, slightly soluble in acetone, and readily soluble 
in dioxane, chloroform and pyridine. 

Acetylation of Alkali Lignin A Premethylated with Diazomethane 
A portion (6.1 gm.) of the premethylated Alkali Lignin A (OCHs, 22.2%) 
was acetylated and purified in the same way as Alkali Lignin A. Found: 
C, 66.3, 66.2; H, 6 6, 6 5; OCH,, 19.5, 19.4; COCH s , 10.7, 11.5%. Calcd. 
for C ai H«0,o(OCH 8 ) 9 (OCOCH 5 )4, [1454]: C, 64 4; H, 5.9; OCH,, 19.2; 
COCHs, 11.8%. 

Complete Methylation of Alkali Lignin A by Deacetylation and Methylation 
of Completely Acetylated Alkali Lignin A 
Acetylated Alkali Lignin A (4.0 gm.) was deacetylated and methylated as 
described in an earlier paper (3). Yield, 3.25 gm. 

After five methylations the methoxyl content was constant. The product 
was precipitated twice by pouring the dioxane solution into dry ether. It 
was washed with ether and petroleum ether, and dried to constant weight. 
Yield, 2.2 gm. Found: OCHs, 31 4, 31.4%. Remethylation with diazo¬ 
methane did not change the methoxyl content. 

Complete Methylation by Deacetylation and Methylation of Acetylated. 
Diazomethane-premethylated Alkali Lignin A 
Acetylated, premethylated Alkali Lignin A (3.0 gm.) was deacetylated and 
methylated in the same way and subsequently treated with diazomethane. 
The analyses of the product were constant after the second precipitation. 
Found: C, 66.7; H, 6.3; OCHs, 31.6, 31.5%. 

Alkali Lignin B 

Isolation and Purification of Alkali Lignin B 
Alkali Lignin B was isolated from the dioxane-ether mother liquors of Alkali 
Lignin A by adding the concentrated solution dropwise to 15 times the volume 
of the ether-petroleum ether mixture (1:1). A light-yellow flocculent pre¬ 
cipitate was obtained which was immediately washed with dry petroleum ether, 
and dried in a vacuum desiccator. The product was purified from dioxane and 
benzene. Found: C, 65.0, 65.0; H, 5.4, 5.5; OCHs, 14.1, 14.0%. Calcd. 
for C„H* # Ox7(OCH,)»(OH)n, [1996]: C, 64.9; H, 5.4; OCH,, 14.0%. 

Acetylation of Alkali Lignin B. 

Alkali Lignin B (1.0 gm.) was acetylated and isolated as in the case of 
acetylated Alkali Lignin A. The product was purified twice from dioxane 
and ether. Found: C, 63.8, 64.0; H, 5.5, 5.5; OCHs, 11.7, 11.7; COCH,„ 
19.9, 19.2%.- Calcd. for C.»H,.0 1 t(OCH,),(OCOCH,)u, [2458]: C, 63.5; 
H, 5.3; OCH,, 11.4; COCH,, 19.2%. 
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Methylation of Alkali Lignin B with Diazomethane 

Alkali Lignin B (7 gm.) was methylated with diazomethane. After 
five methylations there was no further increase in methoxyl value. The 
product was twice purified by means of dioxane and ether. Found: C, 66.3, 
66.1; H, 6.1, 6.1; OCH,, 24.8, 24.9%. Calcd. for C„H 88 0 17 (0CH,) 17 (0H),, 
(2108]: C, 66.1; H, 5.9; OCH,, 25.0%. 

Acetylation of Alkali Lignin B Premethylated with Diazomethane 
Diazomethane-methylated Alkali Lignin B (3.75 gm.) was acetylated as 
above and purified from dioxane and ether. Yield, 3.90 gm. Found: C, 
65.8, 65.9; H, 5.6, 5.6; OCH,, 22.3, 22.3; COCH,, 8.4, 8.7%. Calcd. for 
C m H*»Oi 7 (OCH,) 17 (OCOCH,),, [2234]: C, 65.8; H, 5.8; OCH,, 23.6; COCH,, 
5.8%. 

Complete Methylation of Alkali Lignin B 
Acetylated, diazomethane-premethylated Alkali Lignin B (2.0 gm.) was 
<leacetylated and methylated with dimethyl sulphate and sodium hydroxide, 
and purified in the same way as that described for Alkali Lignin A. Found: 
C, 66.88, 66.84; H, 6.35, 6.17; OCH,, 28.7, 28.9%. Calcd. for CmHiAt 
(OCH,),o, [2150]: C, 66.4; H, 6.1 OCH,, 28.9%. 


Preparation Phenol Alkali Lignin a 

Alkali Lignin A (5 gm.) was treated with phenol and hydrogen chloride as 
described by Buckland, Brauns, and Hibbert (3) for Freudenberg and 
Willstatter lignin. The product was purified twice from dioxane and ether. 
Found: C, 68.8, 68.7; H, 5.5, 5.4; OCH,, 12.9, 13.0, 12.9%. Calcd. for 
C«H440 8 (0CH,),(0H) 8 (0C,H 6 )(C 6 H 5 0H), [1414]: C, 67.0; H, 5.8; OCH,, 
13.1%. 


Acetylation 

Phenol Alkali Lignin A (6 gm.) was acetylated with pyridine and acetic 
anhydride and the product purified twice by precipitation from dioxane 
solution by ether. Yield, 6.7 gm. Found: C, 66.3, 66.4; H,»5.4, 5.5; 
OCH,, 10.3, 10.3; COCH,, 22.1, 21.9%. Calcd. for C,iH 440 8 (OCH,)* 
(OCOCH,) 8 (OC 8 H 6 )(C 8 H 8 OCOCH 3 ), [1792]; C, 65.0; H, 5.6; OCH,, 10.4; 
COCH,, 21.5%. 


Methylation with Diazomethane 

Phenol Alkali Lignin A (4.1 gm.) was methylated with.diazomethane to a 
constant methoxyl content and purified from dioxane and ether. Yield, 4 gm. 
Found: C, 68.7, 68.8; H, 6.0, 6.2; OCH,, 25.7, 2$. 6%. Calcd. for C^H^O, 
(OCH,) u (OH),(OC 8 H,)(C 8 H,OCH,): C, 68.1; H, 6.3; OCH,, 24,8%. 


Acetylation of Phenol Alkali Lignin A Premethylated with Diazomethane 
A portion (1 gm.) of the above product was acetylated with pyridine and 
acetic anhydride. Yield, 1 gm. Found: C, 68.0, 68.2; H, 6.0„ 6.1; OCH,, 
24.1, 23.9%. Calcd. for C 81 H M 0 8 (OCH,) 11 (OCOCH,),(OC 8 H I )(C 8 H,OCH I ), 
(1624]: C, 67.2; H, 6.1; OCH,, 22.9%. 
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Complete Methylation of Phenol Alkali Lignin A 
Acetylated Phenol Alkali Lignin A (3.9 gm.) was deacetylated and methy¬ 
lated as described for the fully methylated Alkali Lignin A. Yield, 2.3 gm. 
Found: C, 68.8, 68.4; H, 6.2, 5.9; OCH,, 30.5, 30.4%. Calcd. for CmH^O, 
(OCH,) 14 (OC e H 6 )(C,H 6 OCH 8 ), [1540]: C, 68.6; H, 6.5; OCH,, 30.2%. 

Preparation of p-Bromphenol Alkali Lignin A 
Alkali Lignin A (2 gm.) was treated with p-bromphenol and hydrogen 
chloride and purified in the same manner as that described for the phenol 
lignin. Yield,2.1gm. Found: OCH,, 13.6, 13.7; Br, 6.0,6.1, 6.1%. Calcd. 
forC,iH«O s (OCH,),(OH) 8 (OC,H 4 Br), [1399]: OCH,, 13.3; Br, 5.7%. The 
analytical data did not change after retreatment of the product with 
£-bromphenol. 

Preparation of o-Bromphenol Alkali Lignin A 
Alkali Lignin A (4.0 gm.) was phenolated with o-bromphenol in the same 
manner as that described in the case of ^-bromphenol. Yield, 4.1 gm. 
Found: OCH,, 13.4, 13.4; Br, 6.0, 6.0%. Calcd. for C,,H««08(0CH,),(0H), 
(OC,H*Br), [1399]: OCH,, 13.3; Br. 5.7%. 

Action of 2% Methyl Alcohol-Hydrogen Chloride Solution on Alkali Lignin A 
Alkali Lignin A (4 gm.) was dissolved in 30 cc. of dioxane and the solution 
added dropwise to 100 cc. of anhydrous methyl alcohol containing 2% by 
weight of hydrogen chloride. The lignin precipitated out as a flocculent 
yellow precipitate which gradually redissolved to form a very dark colored 
solution. The alcoholic solution was sealed in a bomb tube and heated for 
48 hr. in a tilting oven at 80-90° C. The reaction mixture was filtered, the 
filtrate concentrated under diminished pressure to about 100 cc. and the 
product precipitated by adding the solution dropwise to one litre of distilled 
water. The brown flocculent precipitate was filtered and washed with water. 
It was dried and purified by dissolving in dioxane and precipitating with 
ether. Found: C, 66.3, 66.6; H, 5.7, 5.7; OCH,, 20.4%. Calcd. for 
C»iH4«Oio(OCH,)»(OH),, [1272] : C, 65.1; H, 6.0; OCH,, 19.6%. 

Methylation of Methanol Alkali Lignin A with Diazomethane 
A portion (0.75 gm.) of the above product was methylated with diazo¬ 
methane to a constant methoxyl value. The filtered solution was concen¬ 
trated and the product precipitated by adding the solution dropwise to ether. 
Remethylation did not increase the methoxyl content. Found: C, 67.2, 
67.3; H, 6.1, 6.0; OCH,, 28.6, 28.5%. Calcd. for C,iH 4 .O 10 (OCH,)«(OH), 
[1328]: C, 66,0; H, 6.3; OCH,, 28.0%. 

Preparation of Phenol AJkaH Lignin B 
Alkali Lignin B (3 gm.) was treated with phenol under the same conditions 
as those used wjth Alkali Lignin A. Purification of the Phenol Alkali Lignin B 
using dioxane and ether gave two products: (o) an ether-insoluble Phenol 
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Alkali Lignin B (yield, 1.4 gm.), and ( b ) an ether-soluble derivative (yield, 
2.3 gm.). The ether-insoluble product was redissolved in dioxane and 
precipitated with ether. Found: C, 68.1, 68.4; H, 5.6, 5.5; OCH», 12.1, 
12.4%. Calcd.for C M H 69 Oi7(OCH,)9(OH) 1 o(OC,H 5 )(C,H 6 OH) J , [2260]:C, 66.8; 
H, 5.4; OCHj, 12.4%. 

Thus prepared, the ether-insoluble Phenol Alkali Lignin B is a finely divided 
dark brown powder, easily soluble in sodium hydroxide, dioxane, glacial 
acetic acid, pyridine, alcohol and methyl alcohol, and insoluble in petroleum 
ether, benzene, chloroform and water. 

The ether-soluble Phenol Alkali Lignin B was isolated in the same manner 
as ether-soluble Alkali Lignin B. The ether-dioxane mother liquor was 
filtered off and evaporated completely to dryness under diminished pressure. 
The residue was dissolved in about 20 cc. of dioxane and precipitated by 
adding the solution dropwise to 300 cc. of dry benzene. A brown flocculent 
precipitate was obtained which was washed with several portions of petroleum 
ether, and then dried in the usual manner. Found: C, 67.8, 68.4; H, 5.7, 
5.6; OCH,, 11.4, 11.2%. Calcd. for CwHaAjtOC^MOHWOC.H!) 
(C,H0 6 H)4, [2448]: C, 67.2; H, 5.6; OCH s , 11.4%. 

The pure, ether-soluble Alkali Lignin B is a chocolate-brown powder soluble 
in acetone, methyl alcohol and dioxane, and insoluble in petroleum ether, 
benzene, chloroform and water. 
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PRELIMINARY STUDY OF THE FRACTIONATION OF 
ISOTOPIC ISOMERS BY DISTILLATION 1 

By D. F. Stedman* 

Abstract 

Slight separations of some isotopic isomers have been achieved by equilibrium 
rectification. In the case of chlorine the total separation amounted to 0 048 
atomic weight units; 28 6% of the O 18 has also been removed from normal 
oxygen by the fractionation of water, and in a short run with liquid oxygen 
the normal concentration of O 18 has been raised from 0 2% to 0 25%. The 
last-mentioned separation can be carried considerably further with present 
equipment. 

CH*D was synthesized. Its boiling point appears to be 0 5° C. lower than 
that of methane. 

The vapor pressures of a 56 8% solution of DiO were measured, and it is 
suggested that the published values of the vapor pressure of DjO at temperatures 
lower than 40° C. may be slightly too high. 

Experiments have been under way for two years with the object of separ¬ 
ating isotopic isomers by fractional distillation of suitable liquids, and tests 
have so far been made using carbon tetrachloride, dichloromethane, water 
and liquid oxygen. As some partial separations have 'been achieved, it seems 
desirable to publish the present preliminary report. 

The fractionating columns used in this work, which were originally developed 
for use with hydrocarbons, will shortly be described in detail. They have 
been calibrated very carefully with mixtures of normal and cyclohexanes, 
and show, with various vapor velocities, from 12 to 25 theoretical plates per 
foot of height, although this factor probably varies not only with vapor 
velocity but quite appreciably with operating temperature and the type of 
liquid being fractionated. The extent of this variation, especially the last 
form, is not at present known. 

It has been shown that with a very wide variety of isotopic isomers a small 
boiling point difference exists, giving in general appreciable separations of 
substances boiling at low temperatures, and diminishing separation coefficients 
as the boiling point or experimental temperature becomes higher, and as 
molecular weights or complexity become greater. It would appear that 
sufficiently minute examination would show some separation of all such 
isomers even after ordinary distillation, and that the use of rectifying columns 
of approximately 400 theoretical plates should produce considerable separation 
in quite a number of cases. 

Distillation of Carbon Tetrachloride 

This substance should be very suitable for fractionation of the chlorine 
isotopes since the pure light, and pure heavy, molecules are quite symmetrical, 
and should therefore have a boiling point lower than that of the remainder. 
The heavy form however is present only to the extent of 0.4%, and may 
consequently be neglected at this stage. 

1 Manuscript received A ugust 2,1935. 

Contribution from the National Research Laboratories, Ottawa, Canada . 

* Chemist , National Research Laboratories . 
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Several distillations of carbon tetrachloride have been performed, using 
a 6 ft. column distilling at a rate of 20 cc, of reflux per min. and removing 
product at a reflux ratio of from 1500 to 3000, and it is found as expected 
that light chlorine concentrates at the start of such a distillation. The 
lightest chlorine so far recovered in this manner is 0.042 atomic weight 
units lower than normal. 

A plot to an arbitrary zero point of the type of result obtained, from a 
distillation of 2750 cc. of carbon tetrachloride, is given in Fig. 1, and it might 
be mentioned that 1 cc. of product represents about one theoretical plate of 
separation, and that this curve covers a run of more than six weeks duration 
at a reflux ratio of about 3000 :1. The curve is plotted on the basis of 
atomic weight of chlorine determined by density, assuming equal molecular 
volumes, and is actually divided into two portions, that below 30 cc., when 
lighter impurities are present in the product, and from 30 cc. up, when no 
impurities remain. 

The freezing point, density, refractive index and boiling point of samples 
were taken during the run, the freezing points being taken to within 0.2°, 
densities to within 10~ & , refractive indices to within 5 X 10” 6 , and boiling 
points to within 0.01°, and it was found that from 30 cc. onwards only the 
density shows any variation, this continuing to rise throughout the distillation. 

This particular distillation was stopped soon after this point, as further 
separation was not being attained. The actual samples examined for 
atomic weight were obtained from 500 cc. distilled in a similar manner, 
distilling somewhat more slowly, as this increases the effectiveness of these 
columns, and taking the 1 ‘light’* sample as the initial 20 cc. after 48 hr. at 
total reflux (this sample contained a few cubic centimetres of impurities, but 
they were not removed, as it was desired to give no opportunity for isotopic 
exchanges). The whole 500 cc. was then fractionated off at a reflux ratio 
of 2000 :1, and the final 20 cc. taken as heavy material. These were passed with 
steam and hydrogen through a quartz-packed combustion tube at 800° C., 
neutralized with sodium carbonate, recrystallized in platinum, and com¬ 
pared with silver by volumetric methods. A weight burette was used for 
the main addition of silver nitrate, and the utmost care exercised throughout. 
Checks agreeing to within ±0.002 units of atomic weight were obtained. 
The two samples gave results of —0.042 and +0.006 units, and during this 
run it was observed that almost all the fractionation is obtained during the 
first part of the treatment; the removal of light heads evidently leaves 
the residue slightly heavy, but the other isomers do not fractionate appreciably 
amongst themselves. From the abruptness with .which fractionation ceases, 
there is almost a suggestion that something is working against an ordinary, 
or exponential, separation; thus the boiling points of the heavy i&omers may 
alternate with the alternation of symmetry, i.e ., the molecule containing two 
atoms of each form of chlorine may show enough symmetry to boil at a 
slightly lower temperature than the totally unsymmetrical forms. 

From the separation achieved, and the effectiveness of th^column, the 
boiling point differences involved Were calculated to be about 0.05° C. 



116 


CANADIAN JOURNAL OF RESBARCB. VOL. 13. SBC. B. 



Fig. 1. Atomic weights of chlorine in first 
fractions of carbon tetrachloride 



Experiments on Dichloromethane 

Dichloromethane (500 cc.) was distilled in a similar manner, but no very 
interesting results were obtained. The atomic weight remains normal 
within the accuracy of experiment throughout the distillation, until near the 
end, when it rises slightly. This curve resembles more the normal type, as 
heavy ends should be more leadily separated than light heads. The final 
sample showed +0.023 units in atomic weight of chlorine. This distillation, 
since it corresponds to the normal exponential type, indicates an excessively 
small difference in boiling point, probably less than 0 01° C. 

A previous attempt at separation, in which dichloromethane was distilled 
through a 40 plate column, has been reported by Henriques and Cornish (1). 
From consideration of their accuracy of density measurement, they estimate 
that the boiling point difference for each substitution of Cl* 7 for C1 M cannot 
be more than 0.005° C. They state however that with liquids differing in 
boiling point by 5°, the time required for equilibrium to be established is 
24 hr. Now, in an inadequate column, giving relatively small separations, 
this enrichment period is inversely proportional to the difference in boiling 
point, so that for 0.005° At, this period is 1000 days. They refluxed the 
dichloromethane for 117 hr., which is only 1/205 of the necessary time. 
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A consideration of the factors involved shows that their estimate of 0.005° C. 
must be raised by a factor of (205)* or 14.3, giving a figure of 0.07°, which 
they would just fail to detect in 117 hr., and as there are two substitutions 
possible the end members might differ by as much as 0.14° in boiling point, 
or 0.5% in vapor pressure, and still have escaped recognition. 

Experiments on the Distillation of Water 

Many experimenters have reported changes in the isotopic ratios of hy¬ 
drogen and oxygen by the distillation of water, and it appeared that very 
interesting concentrations could be obtained fairly readily with the columns 
available here. It was therefore decided to test the boiling point differences 
by determining the rate of removal of the “heavy impurities”, H 2 O 18 , H 2 O 17 , 
and D 2 O or HDO, from the still head at total reflux. 

The equation giving the time necessary to remove one-half of the impurity, 
assuming that or, the separation coefficient, approaches 1, and that the column 
is infinite, is 

_ 0 6932 va 

r ‘ “ V(a - 1 )* ’ 

where v is the volume of liquid retained in the column per theoretical plate, 
V is the volume distilled per unit time, and a = 1 + 0.036 At for water. 

A further experiment was also made with the object of determining the 
effective vapor pressure of HDO, comparing the vapor pressure of 6.68 
and 56.8% solutions of D 2 0 with that of ordinary water. These vapor 
pressures w*ere measured in a differential tensimeter, after the water had 
been degassed thoroughly by repeatedly freezing, evacuating and melting it. 
The vapor pressures were read on a differential mercury manometer with 
a cathetometer. The boiling point of the 6.68% solution was also compared 
with that of water at higher temperatures by means of a pair of boiling point 
stills, using double vapor-jacketed thermometers, and a differential thermo¬ 
couple sensitive to 10~ 4 degrees. 

At temperatures higher than 40° C., the mixture rule is evidently obeyed 
without regard to the formation of HDO, as the vapor pressure differences 
can be predicted by calculation from the results of Lewis and MacDonald (4), 
assuming the mixture rule. At lower temperatures a discrepancy appears, 
but if it is assumed that the mixture rule is still valid and the vapor pressure 
of pure D 2 0 is calculated from the present values, the results give a smooth 
curve without inflection if plotted as log p H 2 0 — log p D 2 0 against l/T 
in the usual manner, while the published values give a curve with inflection. 
It is therefore suggested that with the very small samples originally used 
for these measurements, a somewhat inadequate degassing procedure was 
used, resulting in a small increment of gas pressure with the D 2 0. This 
would be important only at low temperatures. 

Measurements were made from 0° C. (owing to supercodling the D*0 
solution rarely froze), and these vapor pressures extrapolated from 56.8% 
to pure DaO, as shown in Fig. 2. This extrapolation procedure may give 
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erroneous results, as it may possibly be the mixture rule that fails at these 
temperatures, but the smooth curve obtained is very suggestive. This point 
evidently should be checked more closely, preferably on a fairly large sample 
of pure D 2 O. 

A recent attempt has been reported by Wahl and Urey (7) to determine 
the effective vapor pressure of HDO, using the distillation separation coefficient 
from H«0, but one serious drawback of the method used is the fact that 
equilibrium is established very slowly across a liquid-vapor interface, or in 
other words, the liquid superheats. From superheated surfaces there is 
always a diffusion separation, added to equilibrium fractionation, and this 
method has in the past been used very successfully to achieve partial separa¬ 
tion in several cases where equilibrium fractionation is certainly not re¬ 
sponsible for the result. Now, in the case of H 2 0 : HDO, the diffusion coeffi¬ 
cient to vacuum is 1.027, and for H 2 0 16 : H 2 0 18 , 1.054. 

Their statement regarding pressure control would suggest that 1 mm. 
pressure variation had no particular effect, and this, combined with the 
statement that heating was adjusted “so that evaporation took place as fast 
as possible without ebullition,” would suggest that the amount of superheating 
of the liquid was considerable, as these conditions are those that cause the 
maximum superheating. 

In all probability the major portion of the separation coefficient observed 
for O 18 is due to this cause, and the separation coefficient for deuterium is 
somewhat high for the same reason. The very great increase in the value 
of a for H 2 0 16 : H 2 0 18 at reduced temperatures also bears out the suggestion 
that superheating was very serious; thus from their figures, a reduction from 
23° to 11° adds 50% to the separation coefficient, an exceedingly unlikely 
contribution, while it is in just this temperature range that superheating 
will become very serious. 

As a result of the fact that at temperatures higher than 40° C. the 
mixture rule is obeyed for solutions of D 2 0, it seems essential to 
assume that the normal boiling point of HDO is 100 71° C., and a should 
therefore be 1.0256 at 100° C. Although the fractionating columns have 
not been calibrated with water, in all probability they should contain about 
0.8 cc. of water per theoretical plate; water was distilled at 18 cc. per min., 
and therefore from the above equation T * (H 2 0 : HDO) = 48 min., and this 
time should be inversely proportional to the square of boiling point 
differences for the various heavy constituents. 

In order to determine the boiling point differences effective in water by 
direct experiment, 2000 cc. of water was refluxed in a 16 ft. column, starting 
with the column at 100° C. to avoid initial reflux. Samples were taken at 
various times during 12 days, and their densities determined, but instead of 
the type of result expected the density simply dropped slowly for about 
seven days, reaching about 79 p.p.m. difference. Owing, however, to the 
fact that these columns contain very little liquid, quite small samples must 
be taken (8 cc.); the purification of this presents quite a serious problem, 
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and the densities measured were therefore not perfectly satisfactory in deciding 
the distillation characteristics of dilute solutions of DjO or HDO. A sample 
of oxygen prepared from the lightest water was, however, sent to Dr. W. 
Bleakney of Princeton University, who kindly tested the 0“ : O’® ratio. He 
reported a change from the normal 500 : 1 to 680 : 1 (± 10), or a removal of 
26.5% of the original O 18 , which is in all probability combined with the 
removal of 13.25% of the O 17 , as this will naturally be twice as difficult to 
separate. On the basis of 1 :2400 for O 17 , water made from oxygen of this 
composition would give a density difference accounted for of 59 and 3 p.p.m. 
for O 18 and O 17 , respectively, or 62 p.p.m. altogether. 

Another experiment was therefore carried out in which 7300 cc. of water 
was distilled with the 16 ft. column, at a reflux ratio of 100 :1, this being 
twice that theoretically necessary with an infinite column for complete 
separation of HDO if its effective boiling point difference is 0.71° C. (4), 
and should therefore permit almost maximum separation with a finite column. 

The results are given in Table I and are comparable to ±2 p.p.m., and 
show the densities of samples after removing various volumes of product, the 
drop in density in the last two samples being evidently due to the method of 
collection—by circulating air through the condenser and finally the column 
and still pot. 

TABLE I 

Densities of final fractions of water 


Cc., 

5455 

6305 

6855 

7126 

7274 

7291 

7308 

P.p.m. 

—9 5 

-0 1 

+26 4 

+27 6 

1 

+71 6 

+69 2 

+63 8 


The effects to be expected from this distillation were calculated before the 
experiment, and should have given in the final 20 cc. a density rise of over 
2500 p.p.m. due to deuterium alone. Undoubtedly most of the 70 p.p.m. 
can be accounted for by a mass-spectrographic estimation of oxygen isotopes, 
as it has been demonstrated that the column separates these in a predictable, 
although slow, manner. 

Another experiment was then carried out in which 2000 cc. of water was distilled, 
at a reflux ratio of 1500 :1, and the density of the last 500 cc. taken. It was 
however only 17.8 p.p.m. heavy. This again can be accounted for on the 
basis of oxygen isotope separation; even if it were entirely due to deuterium, 
a 50% l6ss is indicated. This loss would certainly not occur if the effective 
boiling point of HDO were 0.7° C. high. 

It is evident that the distillation characteristics of dilute D,0 solutions 
are not predictable on the basis of present knowledge of the vapor pressures 
of the pure substances, although deviation from the ideal seems improbable. 

It might also be mentioned that a test was also carried out under vacuum 
at 5 cm. of mercury at total reflux. Unfortunately a very slight leak per¬ 
sisted, and as a month was needed to establish equilibrium, the leak reduced the 
efficiency so much that the final aainple, also examined by Dr. Bleakney, 
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was almost identical with the similar sample obtained in eight days at at¬ 
mospheric pressure. Calculations made on the basis of the known rate of 
leak, indicated that this experiment, if repeated, could be used to provide 
water containing only 30% of the normal O 18 , but only about 2 cc. could 
be removed per week. This would undoubtedly have been attempted 
except for the fact that a better method of accomplishing the 3ame end has 
been devised and is now being persued, although these experiments have 
made available quite appreciable quantities of water with a definite separation 
of the oxygen isotopes. In the near future it is intended to attempt to identify 
some of the O 17 and O 18 lines in the OH or other suitable oxygen spectrum, 
as they might offer a rapid, if somewhat approximate, analytical method. 

It might be mentioned however that the rate of separation, and total 
separation obtained for H 2 O 16 : H 2 0 18 both indicate a boiling point difference 
of only 0.04° C., or 0.14% in vapor pressure, in contrast with more than 
double this value suggested by Wahl and Urey (7). 

Experiments with Methane 

In order to test a possible cheap source of large amounts of deuterium, 
CH 3 D of 56.8% purity was synthesized and<the boiling point of this gas 
determined in a Podbielniak distillation apparatus. It was found to be 
0.3° C. lower than that of the ordinary gas, or assuming ideal solution, as is 
certainly valid in this case, owing to the lack of polarity, the pure gas would 
boil at a temperature lower by 0.5°. This corresponds to 4% higher vapor 
pressure, which would indicate a fairly readily separable mixture. Thus, it 
is suggested that an almost unlimited quantity of methane under pressures 
as high as 1800 lb. per sq. in., such as that existing in certain oil fields, e.g. t 
the Turner Valley, Alberta, should provide a fairly cheap source of deuterium, 
if this pressure were utilized to liquefy and fractionate the gas by means of a 
heat exchanger and fractionating column similar to a liquid air fractionating 
machine. Such a column, to handle 1 , 000,000 cu. ft. of free methane per 
day, would have to be about 3 ft. in diameter and 10 ft. high, and would, with 
50% yield, produce two litres of D 2 0 per day, virtually without labor or power 
costs. It is intended to test this separation as soon as a suitable column can 
be spared from the work on oxygen distillation. 


Experiments with Oxygen 

If water were to be distilled for the purpose of separating oxygen isotopes, 
the most economical procedure would be to increase the height of the present 
column to about 50 ft. and decrease the reflux rate to about 5 cc. per min. 
A long time would be required for the construction of such a column. A very 
long time would be necessary for equilibrium to be established, and although 
the column would provide a small supply of almost pure O 16 , the rate of accu- 


mulario^ O 18 would be very low. It was therefore decided to reconstruct 
tb U1 ^ re ^ s f° r *h e distillation of liquid oxygen directly, as by analogy 
•ype 0 resu tmous separation coefficient of H 2 : D 2 , and the effect of tem- 
^rthat^tfiese^ t ^ ie va P or P ressures of H 2 0 : D 2 0, etc., it would appear that 
be^ taken (g^c " cu * es an ^ ^ tem P^ ra t ur es are favorable for such separations. 
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Two recent notes by Klar and Kraus (3), and Smith (5), show such separa¬ 
tion to be feasible. The results of Klar and Kraus show very large separa¬ 
tion coefficients, but suffer from the drawback that the oxygen entering 
the liquefier must have been seriously abnormal, as the totals are far from 
balancing. Smith, however, suggests smaller variations, and although no 
data are given checking the balance of such separations, the figures given 
seem about of the order that might be expected. 

Thus, the use of these figures and the estimation that the oxygen contained 
0.5% of nitrogen, suggests that the vapor pressure of O l8 is about 1.5% less 
than that of O 16 , and that therefore O 18 and O 16 should be separated readily 
in these columns. 

A 16 ft. column was therefore provided with a wrapping of aluminium foil, 
and a vacuum jacket, and liquid air was used in the condenser. Although 
all the experimental difficulties are not yet solved, some interesting results 
are being obtained. Thus in the latest run, of 27 hr. of operation the last six 
were under complete control of reflux, and a sample taken from the pot after 
this time, and examined by Dr. Bleakney, shows a 25% separation, the ratio 
O 16 :0 18 being only 400 (± 2) instead of the usual 500. 

The amount of liquid O 2 in the pot can be estimated only, but was probably 
in the neighborhood of 50 cc. (8 cu. ft. of gas is used for each run), so that 
about 0.025 cc. of liquid O 18 is concentrated in six hours, or 0.1 cc. per day. 
In contrast with this is the change of 17.8 p.p.m. in density in the still pot 
* during 60 days distillation of water; as the pot then contained 500 cc. of water 
this corresponds to the collection of only 0.08 cc. of H 2 0 18 in 60 days. 

Only heavy samples of oxygen have been collected in a satisfactory con¬ 
dition, as unfortunately the still got out of control before light samples could 
be collected. If light samples had been obtained in a suitable condition 
there seems little doubt that a very substantial removal of O 18 would have 
been shown, and it is therefore hoped that separation of these important iso¬ 
topes may prove feasible without requiring the electrolysis of the ocean (2)* 
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THE ELECTROLYTIC PREPARATION OF ANTHRANILIC ACID 1 

By J. W. Shipley 2 and J. M. Calhoun 2 


Abstract 

The electrolytic reduction of o-mtrobenzoic acid in alcoholic sulphuric acid 
at a lead cathode was investigated. The effect of various experimental con¬ 
ditions was studied and a maximum yield of 92% of amine obtained under 
favorable conditions. No evidence of the reduction of the carboxyl group 
was observed. 


Introduction 

The electrolytic reduction of 0 -nitrobenzoic acid has been studied only to a 
very' limited extent. It has a theoretical interest because of the two un¬ 
saturated groups, the nitro and the carboxyl, since the presence of one, 
particularly in the ortho position, may influence the reduction of the other. 
The nitro group is reduced much more readily than the carboxyl and hence 
it should be possible, by regulation of the cathode potential, to reduce the 
nitro group while the carboxyl group is left intact, and so produce anthranilic 
acid. There is an additional interest in this reduction because of the com¬ 
mercial importance of anthranilic acid in the synthesis of indigo. 

Lob (7) in 1896 reduced a solution of 0 -nitrobenzoic acid in sodium hydroxide 
solution, using platinum electrodes, and obtained a mixture of 50% of 0 - 
azoxybenzoic acid and 5-10% of 0 -hydrazobenzoic acid. A few years later 
Mettler (8) reported the reduction of both anthranilic acid and 0 -nitrobenzoic 
acid to o-aminobenzyl alcohol in 20-30% alcoholic sulphuric acid at a lead 
cathode at 20-30°C. with a current density of 6-12 amp. per sq. dm. Appar¬ 
ently both the nitro and carboxyl groups yielded to reduction. 

The most recent work is due to Alvarez (1) who reported the preparation 
of anthranilic acid in 1928 by the electrolytic reduction of 0 -nitrobenzoic acid. 
Alvarez used as catholyte a solution of 60 gm. of 0 -nitrobenzoic acid in 20 cc. 
of alcohol and 100 cc. of sulphuric acid (20° Baum6). The anolyte was 
sulphuric acid (100 cc.) of the same concentration. Lead electrodes were 
used, the cathode being purified by electrolysis. v A current of 8 amp. was 
passed for 7.5 hr. at a current density of 0.1 amp. per sq. dm. This 
corresponds to an excess of 4% of the quantity of electricity theoretically 
required. 

1 Manuscript received April P, 1935. 

Contribution from the Department of Chemistry , University of Alberta , Edmonton , 
Alberta , Canada . , 

* Professor of Chemistry, University of Alberta . 

* Honors Student , University of Alberta. 
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It is difficult to understand how so low a current density could be ysed 
successfully since a cathode 40 sq. dm. in area would be required, which is 
much too large for the volume of Elution. The solubility of o-nitrobenzoic 
acid in a solution of the same volume and composition was found to be less 
than 15 gm. even at 90° C., so that most of the depolarizer must have been 
in suspension, a condition notably inefficient. Alvarez does not mention 
the temperature used, whether the catholyte was stirred, or the yields obtained. 

Since both Mettler and Alvarez used virtually the same experimental 
conditions, other than current density and temperature, with such, widely 
different results, it was thought that a more thorough investigation of the 
reduction would be of value. 


Experimental 

It was decided to conduct the reduction with lead electrodes in acid solution. 
This procedure tends to favor amine formation, since lead is a metal of high 
hydrogen overvoltage, thus making complete reduction of the nitro group 
possible. The use of an acid, rather than an alkaline, electrolyte necessitates 
the addition of alcohol to dissolve the o-nitrobenzoic add, but the formation 
of any azoxy and azo derivatives in the reduction is reduced to a minimum. 

The apparatus in which the reduction was carried out consisted of a 600 cc. 
Pyrex beaker in which was placed a porous cup 10 by 5 cm. to serve as the 
cathode chamber. The cathode was a cylinder made of 1 mm. sheet lead 
which just fitted inside the porous cup and was rotated by a small motor. 
Electrical connection was made through a mercury seal. 

The anode was a second lead cylinder which fitted inside the annular space 
between the porous cup and the walls of the beaker. A thermometer was 
suspended in the anode compartment. The beaker was insulated with 
asbestos and heat was applied by means of a controlled Bunsen burner. A 
d-c. generator supplied current at 5 amp. and 120 volts. 

Before each reduction the cathode was specially treated according to the 
method of Tafel (10). After washing in 20% sodium hydroxide solution it 
was electrolyzed as the anode in 20% sulphuric acid for 30 min. at a current 
density of 2 amp. per sq. dm. It was then washed with water, immersed in 
boiling water for several minutes, dipped in alcohol and air dried. The 
effect of this treatment was to free the cathode from traces of metallic impur¬ 
ities which would lower the hydrogen overvoltage and render it useless for a 
vigorous reduction. In addition the cathode surface was covered with a 
layer of oxide which in the first few minutes of the run was reduced to a 
thin membrane of spongy lead. According to Brockman (4), the spongy lead 
has a catalytic effect on the reduction. 

H The o-nitrobenzoic acid was obtained from two sources: One, a c.p. 
commercial product, melted at 146-146.5° C. (corr.) and the second, prepared 
in the laboratory by the oxidation of o-nitrotoluene with potassium perman- 
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ganate by the method of Reimer and Gatewood (9), melted at 146.5-147° C. 
(corr.). The melting point of o-nitrobenzoic acid reported in the literature 
(6) is 147.5° C. 

Analytical 

The amount of amine produced in the reductions was determined by the 
titration of an aliquot portion of the reduction product with 0.05 M sodium 
nitrite solution, using potassium iodide-starch paper as indicator. The 
sodium nitrite solution was standardized against potassium permanganate 
and checked against pure anthranilic acid. It was found, in agreement with 
Bradt and Frost (2), that the permanganate method gave a value slightly 
too high. 

The diazotization was carried out at 5-10° C. A 25 cc. aliquot was diluted 
to 50 cc. with water and 3 cc. of hydrochloric acid added. Standard sodium 
nitrite was then run in until a drop of the solution touched to the potassium 
iodide-starch paper indicated the end point. It was necessary to add the 
sodium nitrite slowly because of a slight lag in the establishment of the end 
point. Later it was found that the use of 0.1 M sodium nitrite and a larger 
aliquot gave a more satisfactory end point. 


Effect of Temperature 

The procedure followed was similar to that described by Bradt and Hart 
(3) for the electrolytic preparation of 3-amino-4-hydroxytoluene. The effect 
of different experimental conditions on the yield of amine was determined 
by making series of reductions, varying only one condition at a time. 


The effect of temperature is shown 
in Table I and Fig. 1. It will be noted 
that the yield of amine increases with 
the temperature to a maximum of 88% 
at 80° C. At higher temperatures the 
yield drops off slightly owing to the 
proximity of the boiling point (92° C., 
700 mm.) and the fact that 0 -nitro- 
benzoic acid is slightly volatile. 

At temperatures between 40° and 
80° C. the curve obtained (Fig. 1) is 
virtually a straight line, indicating that 
the yield of amine is directly propor¬ 
tional to the temperature. This is 
analogous to purely chemical reactions. 
At temperatures progressively lower 
than 40° C. the yield of amine rapidly 
drops off, owing to the fact that the 
0 -nitrobenzoic acid was not completely 
soluble, a portion of it remaining in 
suspension* 
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TABLE I 

Effect of temperature 


Temp., *C. 

E.m.f. aero88 
cell after 10 
min., volts 

Av. time during 
which Hi was 
evolved, % 

Yield 
of amine, 

% 

Av. yield 
of amine, 

% 

26 

4.1 

100 

48.3 

48.3 

33 

3.2 

73 

65.5 

65.5 

40 

3.0 

51 

72.6 

72.8 


3.1 


73.0 


50 

3.2 

30 

75.8 

76.1 


3.4 


76.4 


60 

3.0 

30 

81.6 

81.0 


2.8 


80.5 


70 

3.1 

28 

84.4 

84.2 


3.1 


84.0 



3.0 


85.3 


75 

3.2 

25 

85.1 

85.3 


3 0 


85.5 



2.8 


88.9 



2.6 


88.8 


80 

3.0 

24 . 

87.5 

88.2 


3.0 


87.5 



2.9 


88.2 


86 

3.2 

24 

87.3 

87.6 


3.0 


87.9 


90 

3.0 

23 

88.3 

87.7 


! 2.9 


87.1 



Cathode. lead cylinder 2.5 by 6 cm. Anode, same , 6 by 3 cm. Catholyte, 2.000 gm. o-nitro- 
benzoic acid , 40 cc. of 96% ethanol , 80 cc. of 25% sulphuric acid. Anolyte , 300 cc. of 25% 
sulphuric acid. Rate of stirring , about 150 r.p.m. Quantity of electricity , 1 926 amp.-hour 
(theoretical quantity of electricity calculated for the complete reduction of NO% to NH% in 2 gm. of 
o-nitrobenzotc acid). Cathodic current density , 2.0 amp. per sq. dm. (both sides). 


The evolution of hydrogen represents a loss in current efficiency (current 
efficiency and yield of amine are equivalent when the theoretical quantity of 
electricity, in this case, 1-926 amp.-hr., is passed through the solution). 
Column 3, Table I, shows that the time during which hydrogen is evolved 
decreases as the temperature and efficiency rise. At 26° C. hydrogen is 
evolved during the entire reduction period, while at 80° C. evolution occurred 
only during the last quarter of the period. At the lower temperatures the 
velocity of reduction is not sufficiently great to absorb all the hydrogen as 
rapidly as it is produced. This results in greater evolution of hydrogen and 
lowered current efficiency. It is therefore probable that in the experiments 
at lower temperatures, the material unaccounted for in the analysis is un¬ 
reduced o-nitrobenzoic acid and not products of secondary reactions. 
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Effect of Current Density 

Table II and Fig. 2 show the effect of cathodic current density on yield of 
amine. At current densities greater than 5 amp. per sq. dm. it was necessary 
to use a smaller cathode, since the maximum current available was 5 amp. 

TABLE II 


Effect of current density 


Cathodic current 
density, 
amp./dm.* 

E.m.f. across 
cell after 10 
min., volts 

Av. time during 
which Hi was 
evolved, % \ 

Yield 
of amine, 

% 

Av. yield 
of amine, 

% 

0.5 

2.3 

9 

1 

88.3 

88.3 


2.6 


89.8 



3.6 


90.3 


1.0 

3.4 

13 

87.6 

88.9 


2.5 


88.5 



2.6 


88.8 



2.6 


88.9 


1.5 

2.6 

18 

87.7 

88.5 


2.7 


88.9 


*2.0 


24 


88.2 


2.6 


89.6 


2.25 

2 8 

26 

88.2 

88.1 


2.8 


86.6 



2 9 


88.3 


2.5 

3.0 

26 

86.4 

88.2 


3.0 


90.0 


3.0 

3 7 

25 

87.2 

87.3 


3.0 


87.3 


4.0 

4 0 

35 

86.0 

86.1 


3 9 


86.2 


5.0 

3 9 

61 

85.4 

85.4 




85.4 


**6.0 

3.4 

28 

84.0 

84.2 


3.9 


84.3 


**8.0 

4.1 

42 

81.1 

80.5 


3.6 


79.8 


**10.0 

4.8 

57 

77.6 

77.6 


Temp., 80°C . Other conditions as given in Table I. 
*See Table I for details. ** Cathode 2.5 by 3 cm. 


A maximum yield of 89% was obtained at a current density of l*amp, per 
sq. dm. At a lower current density a smaller yield resulted, probably owing 
to the longer time required for the reduction, which would permit loss of 
o-nitrobenzoic acid by diffusion to the anode chamber. Increase, in current 
density resulted in an increase in the amount of hydrogen evmved and a 
corresponding decrease in efficiency. 1 ' 
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It should be pointed out that current density measurements are only 
approximate at best. This is because the effective area depends on the 
condition of the surface of the metal, which is impossible to measure or 
duplicate exactly. However, for a given current the apparent surface area 
is a useful measure of the current density. 

901 


l 85 

8 

| 80 


123456789 10 

CUflMNT DENSITY. AMS. PEN SO. DM. 

Fig. 2. Effect of current density on yield of 
anthranilic acid . 

Effect of Electrolyte Composition 

The data showing the effect of electrolyte composition on yield of amine 
are given in Table III. In each case the anolyte consisted of sulphuric acid of 
the same concentration as that used in the catholyte. It was found that one 


TABLE III 

Effect of electrolyte composition 


Catholyte 

composition 

E.m.f. across 
cell after 

10 min., 

Av. time 
during which 
H 2 was 

Yield 
of amine, 

% 

Av. yield 
of amine, 

% 

volts 

evolved, % 

25 cc. alcohol; 100 cc. 25% H 1 SO 4 

2.9 

17 

86.8 

86.8 

*80 cc. alcohol; 40 cc. 25% H s SO. 

3.0 

31 

83.8 

83.8 

40 cc. alcohol; 80 cc. 2% H 1 SO 4 

3.3 

23 

85.4 

85.4 

40 cc. alcohol; 80 cc. 5% H 1 SO 4 

2.9 

15 

90.2 

90.0 

3 0 


89 8 


40 cc. alcohol; 80 cc. 10% H s S0 4 

2.7 

16 

89.8 

89.6 


2.7 


89.3 


40 cc. alcohol; 80 cc. 15% H 2 S0 4 
40 cc. alcohol; 80 cc. 25% H*S0 4 
40 cc. alcohol; 80 cc. 35% H 1 SO 4 

3.0 

16 

88.8 

88.8 


24 


88.2 

2.9 

33 

85.1 

85.1 


Temp., 80°C. (except where otherwise stated). Other conditions as given in Table I, 
•Temp., 75° C. 


, part of 96% alcohol^ in the catholyte to two parts of sulphuric acid solution 
gave the best results. A decrease in the amount of alcohol lowered the 
Solubility .of a-nitrottenzoic acid, and an increase lowered the boiling point 
of the solution, necessitating the use of a lower temperature. 
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The optimum concentration of the sulphuric acid solution was between 
S and 10%, and resulted in a yield of 90% of amine. A lower concentration 
of acid resulted in a marked decrease in yield, owing to the increased resist¬ 
ance of the electrolyte. At higher concentrations of acid the lowered efficiency 
was considered to be due to an increase in side reactions, such as condensations 
or rearrangements favored by the high acidity. This was borne out by the 
fact that the reduction product was colored a bright red, indicating the 
presence of azoxy or azo compounds. 

Effect of Concentration of o-Nitrobenzoic Acid 
Table IV shows the effect of the concentration of o-nitrobenzoic acid on 
the yield of amine. The optimum concentration was found to be 2 gm. in 
120 cc. of solution (about 0.1 M). At lower concentrations, diffusion of 


TABLE IV 

Effect of concentration of o-nitrobenzoic acid 


Weight of 
o-nitrobenzoic 
acid, gm. 

E.m.f. across 
cell after 10 
min., volts 

Av. time during 
which Hi was 
evolved, % 

Yield 
of amine, 

% 

Av. yield 
of amine, 

% 

1.000 

3.0 

31 

85,2 

85.0 


3.0 


84.8 


2.000 

2 7 

16 

89.8 

89.6 


2 7 


89 3 


4.000 

3.3 

13 

87.0 

88.1 


3.1 


89.1 


6 000 

2.8 

10 

87.3 

87.3 


Temp., 80°C. Catholyte: 40 cc. of 96% alcohol, 80 cc. of 10% sulphuric acid. Anolyte: 
300 cc. of 10% sulphuric acid. Other conditions as given tn Table 1. 

o-nitrobenzoic acid to the cathode surface was not rapid enough, ancLhydrogen 
was evolved for 30% of the total time, resulting in a lowered efficiency. The 
efficiency probably could be increased by stirring the solution more rapidly. 

Increasing the concentration of o-nitrobenzoic acid decreased the amount 
of hydrogen evolved, but there was not a corresponding increase in material 
yield when concentrations greater than 2 gm. were used. This may be due 
to the lo'nger time required for reduction, which permits loss of o-nitrobenzoic 
acid by diffusion or volatilization. 

Effect of Quantity of Current Passed Through the Solution 
Since yield of amine is more important than current efficiency it was 
desirable to determine whether an excess of the theoretical quantity of elec¬ 
tricity (1.926 amp.-hr.) would increase the yield of amine. T bpt results are 
given in Table V. , 
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TABLE V 

Effect of quantity of current passed through the solution 


Per cent 
theoretical 
current 
(1 926 
amp.-hr.) 

E.m.f, across 
cell after 

10 min., 
volts 

Time during 
which Hj was 
evolved, 

% 

Yield 
of amine, 

% 

Av. yield 
of amine, 

% 

Av. current 
efficiency, 

% 

85 

2.7 

5 

78 1 

78 4 

92 2 


2.7 


78 7 



100 

2 7 

16 

89 8 

89.6 

89.6 


2.7 


89 3 



125 

2 8 

34 

90 3 

91 3 

73.0 


2 8 


92 3 




Temp ., 80°C. Catholyte: 2 000 gm. of o-nitrobenzoic acid , cc. of 96% alcohol , £0 cc. of 10% 
sulphuric acid. Anolyte: 300 cc. of 10% sulphuric acid. Other conditions as given in Table I. 


When 85% of the theoretical quantity of electricity had been passed through 
the solution, very little hydrogen evolution had taken place. This resulted 
in high current efficiency but low material yields. After 100% of the theoret¬ 
ical quantity of electricity had been passed through, the material yield had 
considerably increased, indicating that reduction continued after hydrogen 
evolution began. When an excess of 25% had been passed through, the yield of 
amine had increased only slightly, and at the expense of a large decrease in 
current efficiency. 

Effect of Cathode Surface 

The velocity of reduction, and hence the yield of amine, depends to a 
large extent on the nature of the cathode surface. In an attempt to increase 
the yield, a coating of sponge lead was deposited on the cathode according 
to the directions of Bradt and Hart (3). 

Lead monoxide (20 gm.) and sodium hydroxide (100 gm.) were dissolved in 
water to give a 300 cc. solution and the lead cylinder electrolyzed as cathode 
for about five minutes at a current density of 5 amp. per sq. dm. It was 
then washed with water, dilute sulphuric acid, and again with water. This 
procedure gave a very rough spongy surface. 


TABLE VI 

Effect of cathode surface 


Cathode 

surface 

E.m.f. across 
cell after 10 
min., volts 

Av. per cent time 
during which 

Hj evolved 

Yield 
of amine, 

% 

Av. yield 
of amine, 

% 

Smooth 

2.7 

16 

89 8 

89.3 

89.6 

Spongy 

2.6 

9 

91.4 

92.5 

92.0 


Temp., 80°C. Catholyte: 2.000 gm. of o-nitrobenzoic acid, 40 cc . of 96% alcohol, 80 cc. of 
10% sulphufic acid . Anolyte: 300 cc. 10% sulphuric acid. Other conditions as given in Table 1. 
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The results are shown in Table VI. The smooth cathode was prepared by 
anodic electrolysis as previously described. It is evident that an increase in 
yield of more than 2% is obtained with a spongy lead cathode, and at the 
same time the amount of hydrogen evolved is less. The effect of a spongy 
surface is in reality to lower the effective current density by increasing the 
surface area available to the depolarizer. The use of a spongy surface is 
more effective than decreasing the current strength, since the spongy surface 
does not require a longer time for the reduction, as would be the case with a 
plain cathode and a low current strength. 

Separation of Reduction Products 

Anthranilic acid was separated when desired from the combined products 
of a number of reductions. The solution was neutralized with an excess of 
sodium carbonate and the alcohol distilled off. It was then made slightly 
acid with acetic acid, filtered, and the filtrate extracted with ether. 

The residue from the ether extraction was recrystallized from hot water, 
using animal charcoal for decolorizing. A white crystalline product which 
melted at 146° C. (corr.) was obtained, the acetyl derivative of which melted 
at 184.5° C. (corr.). The melting points reported in the literature (6) are: 
anthranilic acid, 145° C. and 0 -acetylaminobenzoic acid, 185° C. 

An attempt was made to identify any 0 -aminobenzyl alcohol by the method 
of Mettler (8). The alkaline residue from the distillation of the alcohol was 
'saturated with ammonium sulphate and extracted with ether. The ether 
layer yielded nothing but a trace of resinous material, indicating the ab‘<ence 
of 0 -aminobenzyl alcohol. Ether extractions in acid solution yielded nothing 
but small amounts of unchanged 0 -nitrobenzoic acid. 

The results of analysis show that anthranilic acid represented the major 
portion of the reduction product. However, the color of the solutions, which 
varied from pale yellow to cherry red, indicated the presence of other com¬ 
pounds, probably azoxy or azo derivatives, but in quantities too small to 
separate and indentify. 

Discussion 

The electrolytic reduction of 0 -nitrobenzoic acid in dilute alcoholic sul¬ 
phuric acid at a lead cathode, under favorable conditions, has been shown to 
yield anthranilic acid in yields of more than 90%. The reaction may be repre¬ 
sented by the equation: 

NQ 1 .CeH 4 .COOH + 6H + + 6e - NHj.CeH 4 .COOH + 2HjO 

It is assumed that the mechanism is analogous to that suggested by Haber 
(5) for the electrolytic reduction of nitrobenzene. 

It is evident that under the foregoing experimental conditions the intensity 
of reduction was not sufficiently great to reduce appreciably ^the carboxyl 
group. It is possible that at a higher current density and lower temperature 
the formation of 0 -aminobenzyl alcohol as reported by Mettler (8) would be 
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favored. However, the vigorous evolution of hydrogen at the completion 
of the reduction of the nitro group in the authors’ experiments indicates that 
little, if any, additional reduction is taking place. 

The maximum yield of amine obtained was 92%. The remaining 8% of 
material may be accounted for in loss by volatilization and diffusion to the 
anode chamber, by the fact that a small amount of o-nitrobenzoic acid re¬ 
mained unchanged and by the formation of products of various side reactions, 
such as azoxy and azo derivatives. It is not impossible that even higher 
yields of amine might be obtained. The addition of o-nitrobenzoic acid in 
successive portions as the reduction progresses and a decrease in the current 
density towards the end of the reduction, with perhaps the use of a small 
excess of current, would be expected to cause an increase in the amount of 
o-nitrobenzoic acid reduced. The use of addition agents or hydrogen carriers 
might also increase the yield. More rapid stirring might be advantageous, 
although, when the depolarizer is in solution, the effect of stirring at a rate 
greater than a certain minimum is small. Bradt and Hart (3) found that, 
in the electrolytic reduction of 3-nitro-4-hydroxytoluene, an increase of only 
0-8% in the yield of amine was obtained when the rafte of stirring was varied 
between 0 and 2000 r.p.m. after complete solution of the nitrocresol. 

The limitations of the experimental results are considered to be chiefly 
analytical. The standardization of sodium nitrite by potassium perman¬ 
ganate gives values slightly too high, while the lag in the endpoint gives 
values slightly too low. Manipulative errors are due chiefly to the lack of 
an automatic temperature control and loss of solvent by vaporization. The 
use of a closed cell, fitted with a return condenser, and an automatic electrical 
heating device would be more satisfactory. The fact that more than 100 
reductions were satisfactorily carried out shows that the process is highly 
successful if sufficient care is taken in the preparation of the cathode. 
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THE SORPTION OF DIMETHYL ETHER ON ALUMINA 1 

By J. Edwards* and 0. Maass* 

Abstract 

The sorption of dimethyl ether on alumina has been investigated at pressures 
from 0 5 to 52 atm., the critical pressure, over the temperature range 25—135° C. 

The results are comparable to those for the propylene-alumina system. No 
discontinuity in the sorption accompanies the transition of sorbate from vapor 
to gas at the critical temperature; tnis differs from the previous results for the 
liquid~to-ga8 change. Tne initial stages of the sorption involve the formation 
of a monomolecular layer followed, with increasing pressure, by a multimolecular 
layer of increasing depth. It is unlikely that condensation to liquid occurs in 
the pores except at high relative pressures. The increase in critical temperature 
of such a liquid must be exceedingly great to account for the continuous form of 
the isobars up to 135° C. 

Introduction 

Although there has been a great deal of experimental work done on the 
adsorption of vapors and gases by solids, relatively little has been carried 
out at pressures greater than atmospheric. Since the leading hypotheses 
regarding the nature of this phenomenon differ mainly in their predictions of 
the extent of adsorption in this region, data for a number of systems are highly 
desirable. 

A recent contribution by Morris and Maass (9) on the adsorption of propy¬ 
lene by alumina contained data for a wide range of pressures including the 
‘critical one, and for a temperature range of 20-100° C. The interesting 
behavior of the system accompanying the transition of sorbate from liquid 
to gas led to further work in the critical region, and the results for the system 
dimethyl ether-alumina were recently published (5). These results dealt 
with the sorption of the liquid phase (below the critical temperature), 
and of the “persistent liquid phase'’ (above the critical temperature). 

In the present paper the results obtained for the sorption of dimethyl 
ether on alumina from 0.5 to 52 atm., the critical pressure, are given for 
the temperature range 25-135° C. The sorption was measured through¬ 
out with the sorbate definitely in the vapor or gaseous state. While 
the previous paper (5) was of interest primarily for the information given 
regarding the critical phenomena, the present paper deals with the nature 
of the sorption process over a pressure range including high pressures. 

4 Experimental 

Alumina, prepared according to the method of' Munro and Johnson (10), 
was selected as sorbent on account of its high porosity and rigid structure. 
In view of the well known physical properties of dimethyl ether at high pres¬ 
sures, and of its suitable critical constants which permit the use of glass 

1 Manuscript received March 16 , 1935 . * 
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apparatus, this substance was chosen as sorbate. The sample used through¬ 
out the present investigation was prepared and purified as described by 
Tapp, Steacie and Maass (16). 

The apparatus employed was similar to that used by Morris and Maass 
(9), differing only in dimensions and thermostatic control, modified on account 
of the higher temperatures employed. 

The McBain-Bakr balance had a sensitivity of 0.00376 gm. per mm. 
extension, a normal length of 57.66 mm.; the maximum load was 0.45 gm. 
The cathetometer used permitted weight measurements to within ±0.0004 
gm. 

The calculation of the sorption has been fully described elsewhere (5, 9). 
No correction was made for the buoyant effect of the quartz spiral itself, 
since under the conditions of the experiments this factor seldom exceeded 
0.0001 gm., the greatest error being 0.00017 gm. 

Results 

i 

Sorption is given in the usual form, x/m> where x is the number of grams 
sorbed per in grams of sorbent. 

Although the sorption at low relative pressures appeared to reach an 
equilibrium value within the time necessary for the gel to attain thermal 
equilibrium with the container, longer times were often necessary at high 
relative pressures before no further extension of the spiral could be detected. 
In such cases there appeared to be no systematic behavior that could be used 
as a measure of the rate of sorption in its final stages. The nature of the 
apparatus does not permit mesaurements of sorption rates to be made through¬ 
out the whole course of the process. 

The density of the vapor surrounding the sorbent was obtained from the 
data of Cardoso and Coppola (3). The determination of the densities at 
relative humidities less than 100% was made by assuming a linear relation 
between density and temperature at constant pressure. The error involved 
in this assumption was negligible at low pressures, and at high pressures was 
not serious, since in these cases the temperature range over which the cal¬ 
culations were made was small. In the region approaching the critical, the 
more recently obtained density values of Tapp, Steacie and Maass (16) 
were used. Pressure values were taken from the vapor pressure curve for 
dimethyl ether obtained by Cardoso and Bruno (2). 

The values in Table I, selected from approximately 250 readings, indicate 
the manner in which the sorption varied with the temperature and pressure. 
The corresponding isobars and isotherms are illustrated graphically in Figs. 
1, 2 and 3. In Fig. 3, in which the sorption has been plotted against the 
relative pressure, P/P#, there is some uncertainty in the form of the curves 
near the Saturation value. In the cases where the extrapolation was short 
it was considered justifiable to indicate the probable endpoint, though a 
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TABLE I 

Sorption of dimethyl ether { x/m) on alumina at various temperatures 

AND PRESSURES 


Gel 

Pressure, atm. 








°c. 

0.45 

3.9 

19.0 

27.5 

38.5 

45.6 

30 

0.0192 

0.0338 


| 

* 


40 

0.0176 

0.0287 





50 

0.0142 

0.0244 





60 

0.0123 

0.0209 





70 

0.0106 

0.0182 





80 

0.0084 

0 0156 





00 

0.0053 

0.0127 

0.0242 




100 

0 0036 

0.0098 

0.0192 

0.0292 



110 

0 0023 

0.0078 

0 0159 

0.0228 



115 

0 0020 

0 0072 

0 0140 

0 0203 

0.0320 


120 

0 0017 

0 0066 

0.0120 

0 0184 

0.0266 


124 

0.0015 

0.0063 

0.0110 

0.0167 

0.0243 

0.0310 

126 

0 0015 

0 0062 

0 0106 

0.0158 

0.0235 

0.0290 

128 

0.0015 

0 0061 

0 0102 

0.0132 

0.0229 

0.0277 

130 

0 0014 

0 0060 

0 0096 

0.0145 

0.0220 

0.0268 

135 

0 0013 

0 0058 

0.0080 

0.0136 

0.0207 

0.0252 


sharper increase in d(x/m)/d(P/P a ) has been found in some cases for other 
systems (1). However, the general form of the isotherms closely resembles 
that of the cellulose-water-vapor system curves (6) and of the active-silica 
-water,-benzene and -alcohol isotherms (13), in which cases the saturation 
value was approached in a manner similar to that indicated in Fig. 3. The 
point is of interest in that an estimation of the saturation value of the adsorp¬ 
tion may yield important information regarding the pore volume of the sorbent. 
These data were utilized previously (5) in an attempt to consider the possi¬ 
bility that liquid might exist in the pores of the sorbent above the critical 
temperature of the sorbate in the bulk phase. 










136 * 


CANADIAN JOURNAL OR RESEARCH. VOL. $3, SBC. B. 




Fig. 3. Isotherms showing the sorption of dimethyl ether 
on alumina. Temperatures tn °C. 

Discussion 

The form of the isobars and isotherms is similar in most respects to the 
forms of those of the propylene-alumina system. There is, however, a 
difference in the low-pressure region of the high-temperature isotherms: 
for the system propylene-alumina it is apparent that the first stage 
of the adsorption corresponds to the existence of a monomolecular layer 
fbrming a surface complex which is stable at high pressures throughout 
the temperature range studied, but which for low pressures breaks down 
at the higher temperatures. In the present system the slight inflections 
in the 0.45 and $.9 isobars in the neighborhood of 80-100° C. indicate 
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a tendency toward destruction of the surface layer, but the extent of 
this decomposition appears insufficient to be particularly noticeable in 
the high-temperature isotherms. The isobars indicate however that, for 
lower pressures, the surface complex would probably be unstable within 
the temperature range studied. Although this difference in behavior might 
be attributed to a higher heat of adsorption of dimethyl ether than that 
of propylene, the slope of the isosteres plotted semilogarithmically does 
not indicate this to be so, and it is very probable that the difference 
can be attributed to a difference in the alumina gels used in the two in¬ 
vestigations. 

In general the S-shaped isotherms may be interpreted according to the 
method of Rideal (15), whereby the first part of the curve corresponds to a 
monomolecular layer followed by a multimolecular one which has been 
regarded by Polanyi (14) as a thick, compressed film, and by others (11) 
as condensation to liquid in the capillary tubes of the sorbent. It can be 
readily demonstrated that the first stages of the sorption process are charac¬ 
terized by the formation of a monomolecular layer, by testing the results 
according to the Williams-Henry formula (7, 17). The equation for the 
isostere is (log x/mP) = k\/T + fe 2 , and in Fig. 4 the results have been 



Fig. 4. Isosteres for the dtmethyl-ether-alumina system, 
plotted according to the WiUtams-Henry formula, 

represented for 0.7 to 3% sorption. The straight lines obtained in the 0.7% 
and 1% isosteres indicate that the sorption is exactly monomofecular, but 
for higher values of the sorption this is no longer true. 

Following the region in which a monomolecular layer is formed, is the charac¬ 
teristic region of smaller slope, followed by the final region of increasing slope 
corresponding to a sorption tending toward saturation. From the point of 
view of the theory of capillary condensation, the isotherms of Fig. 3 indicate 
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that the sorption tends to become independent of temperature at the higher 
relative pressures, a condition predicted by the hypothesis. (When the 
volume, rather than the weight of sorbate, is taken into consideration, still 
better agreement is obtained, except in the case of those isotherms very near 
the critical temperature.) Thus at high relative pressures it appears probable 
that condensation of the sorbate to a liquid of density approximately that 
of the normal liquid does occur. 

It will be noticed (Fig. 3) that the inflection in the curve, following which 
the sorption tends to saturation, occurs at relative pressures as low as 0.2. 
McBain has shown conclusively that the theory of capillary condensation 
must break down under these conditions, for the Kelvin equation for the 
lowering of the vapor pressure requires that the radius of the capillaries be of 
the order of molecular dimensions (8, pp. 436-442). It is singularly forced 
to regard molecules as in the liquid state when they are in immediate contact 
with the wall. 

Further evidence not in complete agreement with Patrick’s hypothesis 
may be obtained from Fig. 2. The isotherms above; and below the critical 
temperature are identical in form, and indeed an isotherm at 136° C. shows 
no break in sorption. Similar results with the carbon-dioxide-charcoal 
system led Patrick et al. (12) to the belief that the surface tension of the liquid 
in the capillaries was considerably greater than that of the normal liquid, 
resulting in an increased critical temperature of the capillary liquid. 
While the partial pressures studied by Patrick were so small that capillary 
condensation would not be expected to occur, the study of the present system 
has been made over all possible pressures, and it is interesting to consider 
the results in the light of this hypothesis. On the basis of an increase in the 
critical temperature of liquid in the pores, the magnitude of this effect would 
depend on the pore size, so that the form of the sorption isobar at temperatures 
higher than the normal critical temperature would be dependent upop the 
frequency distribution of pore sizes in the gel. When the critical temperature 
of the liquid in the smallest capillaries had eventually been reached, the density 
of the sorbed material would become equal to that of the material in the 
normal bulk phase. Since this is a gravimetric method and corresponds 
exactly to the definition of sorption, in that the excess of material in the 
vicinity of the sorbent over that present in an equal volume of bulk phase is 
considered as the amount sorbed, then under the final temperature con¬ 
ditions mentioned above, sorption would become zero. The fact that, at 
temperatures higher than the normal critical temperature, the sorption isobars 
(Fig. 1) show no decrease in sorption in excess of that given by the normal 
temperature coefficient, indicates that the Patrick conception cannot hold. 
There appears then to be no adequate interpretation of the similarity in form 
of the isotherms at temperatures higher than, and lower than, the critical 
temperature, and it becomes evident that the theory of capillary condensation 
cannot account for the experimental results. Since the relative pressure 
isotherms, taken at temperatures lower than the critical temperature, gave 
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evidence at high values of the relative pressure that closely fits the require¬ 
ments demanded by the theory, the possibility that the familiar S-shaped 
isotherms do not represent capillary condensation becomes apparent. 

Substantiation of these results has been obtained by Morris and Maass (9), 
who demonstrated that even at a temperature of 15° C. higher than the critical 
temperature no change in the form of the isotherms took place. Coolidge (4) 
has recently extended the study of the carbon-dioxide-charcoal system to a 
high pressure range, and concluded that no break in the isotherm was apparent 
when the density of the sorbed phase itself was taken into account. A 
quantitative agreement with the Polanyi theory was obtained. 

An interpretation of these results will await more complete data, and it is 
hoped that the study of other systems will be shortly carried out, and the 
behavior of these systems in the neighborhood of the critical temperature be 
compared with these and earlier results. 
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THE VARIATION OF THE VISCOSITY OF GASES WITH 
TEMPERATURE OVER A LARGE TEMPERATURE RANGE 1 

By A. B. Van Cleave* and O. Maass* 


Abstract 

The coefficients of viscosity of ammonia, propylene, ethylene and methyl 
ether, over the temperature range 23 to —80° £., have been measured, A 
comparison is made between the present data and those of other authors for 
temperatures above 0° C. It is estimated that the authors* results are correct 
to 0.2% and have a relative accuracy of 0.1%. It is claimed that they are the 
most accurate data for the viscosity of gases at low temperatures to date. 

The validity of a number of viscosity-temperature relations has been tested 
with the present data and those previously published (18, 20). In general, it 
is found that the equations of Sutherland and Jones hold at high temperatures 
but fail at low temperatures for substances such as carbon dioxide, sulphur 
dioxide, ammonia, methyl ether and propylene, which have viscosity-tem¬ 
perature curves that are convex to the temperature axis below room temperature. 
An empirical equation is suggested which adequately represents the variation 
of viscosity with temperature for these five gases over the temperature range 
23 to —80° C. However, this relation fails at high temperatures for all gases, 
and even at low temperatures for substances such as hydrogen, air and ethylene. 

It is pointed out that the viscosity-temperature curves for carbon dioxide, 
sulphur dioxide, ammonia, methyl ether and propylene each show a definite 
inversion or inflexion point. Below this inversion temperature the viscosity 
curves are convex to the temperature axis; above it they are concave to the 
temperature axis. In general, it seems that this inversion temperature bears 
a direct relation to the polarity of the molecule and to the critical temperature. 


Introduction 

This research is a continuation of the systematic investigation of the 
viscosity of gases carried out in this laboratory. The object of the work is 
to obtain sufficiently accurate data to test rigidly certain proposed equations 
for the variation of the viscosity of gases with temperature, as well as to test 
the validity of an equation of state which depends on viscosity measurements 
( 6 , 12 ). 

Owing to the failure of the classical kinetic theory of gases to represent 
adequately the variation of viscosity with temperature, a number of modified 
relations have been suggested. Sutherland (19) was the first to realize that 
the mean free path of a molecule must vary with the temperature and, in 
correcting for this factor, he derived his well known relation. 

/r\tr 0 + c 

’ - * {rj r+c * (1) 

where n is the coefficient of viscosity of a gas at the temperature T, ijo is the 
viscosity of the gas at a standard temperature 7«, and C is a constant known 
as Sutherland’s constant. This equation gave a fairly satisfactory represent¬ 
ation of the variation of viscosity with temperature for a number of gases 
at high temperatures. However, the general failure of Sutherland’s equation 
at low temperatures has been noted and discussed by Schmitt (IS), Bestel- 
meyer (1) and Vogel (26). 
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Chapman (4), in a detailed mathematical treatment of the dynamics of 
an encounter, derived expressions for the viscosity, diffusivity and thermal 
conductivity of a gas without assuming any property of the molecules save 
that they be spherically symmetrical. When his formula is app’ied to mole¬ 
cules acting as attracting spheres, Sutherland’s equation is obtained. When 
molecules are considered as point centres of repulsive or attractive forces 
varying inversely as the n ,h power of the distance the relation 


v_ 

m 



( 2 ) 


results. Kamerlingh Onnes and Weber (11) found that Equation (2) gave 
a much better representation of the variation of the viscosity of helium over 
a large temperature range than did Equation (1). 


Jones (10) developed a relation between viscosity and temperature on the 
basis that molecules repel according to an inverse n ,k power law and attract 
according to an inverse third power law. His formula may be written 


v 




To ± S 
T *-' + S 


(3) 


where 5 is a constant depending on the index n of the repulsive field. For 
Maxwellian molecules tt becomes infinite and Equation (3) reduces to 
Equation (1). For molecules acting as point centres of force the constant 
5 becomes zero and Jones’ equation reduces to the form of Equation (2). 
Hence, Jones* equation is more general than any yet given. This equation 
contains two adjustable constants, and hence it is not possible to determine 
either uniquely, as was noted by Jones (10). In general, he finds Equation (3) 
to conform to the experimental results better than Sutherland’s equation. 


Cooper and Maass (6) found that an empirical equation of the type 


jf-o+bT, ( 4 ) 

(where a and b are constants), represented the data of Sutherland and 
Maass (20) for the viscosity of carbon dioxide over a low temperature range. 
Stewart (17) found Equation (4) to fit his results for the viscosity of sulphur 
dioxide at low temperatures. It is to be noted that Equation (4) could be 
considered as the expanded form of the exponential equation 


v 

vT 


- Aesr , 


(S) 


in which all but the first two terms in the converging series have been neg¬ 
lected. 


The application of the above formulas to the data obtained in this work 
will be discussed later. It may be mentioned here, however, that up to the, 
present there has been no wholly satisfactory, universally accepted formula 
for expressing the observed relation of viscosity and temperature—particu¬ 
larly at low temperatures. It is therefore desirable to extend accurate 
data in this direction. 
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Experimental 

The apparatus was essentially the same as that used by Stewart and 
Maass (18) and described in detail by Sutherland and Maass (20). Since 
the publication of the results of the viscosity of sulphur dioxide by Stewart 
and Maass (18), an entirely new viscosity apparatus has been assembled and 
found to give results consistent with the previous determinations (18, 20). 
The only change that has been made in the original apparatus is the addition 
of two 4 in. reading lenses to facilitate the reading of the oscillating image. 
The lenses have been arranged so that they may easily be moved in a hori¬ 
zontal direction between the observer and the scale. They are set at the 
extreme ends of the scale at the beginning of an experiment and gradually 
moved towards the centre as the magnitude of the oscillations decreases. 
This arrangement makes the moving image much clearer and is a great aid 
to the eyes of the observer. 

Preparation and Purification of Materials 

Ammonia, propylene, ethylene and methyl ether ^were selected for this 
work on account of the ease with which they may be prepared and purified, 
and also because accurate data for their viscosities at low temperatures have 
not previously been given. 

Ammonia was condensed from a tank of very pure anhydrous material 
and then fractionated twice at low temperatures before being distilled into 
the apparatus. The purity of the ammonia was indicated by the fact that 
it could easily be frozen when surrounded by a bath of solid carbon dioxide 
and acetone. 

Propylene was prepared by the dehydration of isopropyl alcohol over 
alumina at 365° C., and was purified by low temperature fractionation as 
described by Maass and Wright (13). The fractionations were repeated until 
the vapor pressure was constant. 

Ethylene was condensed from a tank of 99 9% pure material and then 
subjected to a series of low temperature fractionations in the apparatus 
used in the purification of propylene. 

Methyl ether from a tank of 99.9% pure material was fractionated twice 
at low temperatures and then distilled into the viscosity apparatus. Mag¬ 
netic stirring was used during fractionations. 

The apparatus was filled with gas at room temperature after it had been 
thoroughly flushed several times with the pure material. At least half an 
hour was allowed for the gas to come to the temperature of the bath before 
any measurements were made. At temperatures below the normal boiling 
point of the gas used, the pressure was reduced so as to be well below the 
known vapor pressure at that temperature. Since it is known that the 
viscosity of a gas is independent of its pressure (20), the results obtained at 
low pressures are comparable with those obtained at atmospheric pressure. 
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The apparatus was calibrated with dry air free from carbon dioxide, as 
previously described (18, 20), both before and after a series of experiments in 
order to ensure that no change in the apparatus had taken place either during 
the course of the flushing with the pure gas or while the experiments were 
being made. The value of the wire constant used was that determined 
experimentally be Stewart (17). 


Results 

Table I shows the results obtained for the coefficient of viscosity of am¬ 
monia, methyl ether, ethylene and propylene. Each value is the mean of 
three or four independent experiments. These results are shown graphically 
in Fig. 1. 

TABLE I 

Results of measurements of the viscosity of ammonia, propylene, 

ETHYLENE, AND METHYL ETHER 


Temp., °C. 

n X 10 7 

Temp., °C. 

n X 10 7 

Temp., °C. 

V X 10 7 

2 

| 

o 

p 

n X 10* 

Ammonia 

Propylene 

24 27 
10.85 

4 75 
0.43 
— 12.30 

1022.8 
967 7 
944.1 
928.9 
878.7 

-26.70 

-47.02 

-57.65 

-71.25 

825.6 

755.5 

719.4 

675.2 

24.16 

18 69 

9 36 
0.00 
- 0.15 
-11.79 
-25.84 

858.3 
840.6 

813.3 
784.1 
783.9 
750.0 

709.3 

-38.75 

-55.63 

-60.70 

-70.89 

-75.70 

-79.72 

670.4 

623.6 
611.9 

582.6 

572.4 

561.5 

Ethylene 

Methyl ether 

23.35 

17.18 

11.23 

- 0.07 

- 9 02 
-22.59 

1010 6 

990.7 
969.6 
932.2 

900.8 
856.0 

-38.00 

-52.50 

-60.38 

-68.52 

-80.86 

802.5 

752.3 

724.2 

697.2 
652.1 

22.90 
18.11 
11.71 
-0 13 

899.4 
883.0 

862.4 
824.7 

- 8.67 
-23.39 
-41.16 
-56.91 

797.4 
755.2 
703.0 

658.4 



TEMPERATURE. %. 

Fig. 1. Variation of viscosity vrith temperature. 
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Since measurements of the viscosity of gases at low temperatures are rare, 
comparisons between the present results and those of other authors can usually 
be made only at room temperature. Such comparisons are shown in Table II. 

TABLE II 

Comparison of present results with those of previous investigators 



Temp., 

°c. 


* X 10* 


Gas 

Observed in 
present work 

Published previously 


; 

Ammonia 

25 1 

1026 

1002 Trautz and Heberling (22) 
982 Braune and Linke (2) 

(1931) 

(1930) 


20 3 

1007 


15 0 

989 

1005 Edwards and Worswick (7) 

(1925) 


0 0 

926 

957 Graham (8) 

918 Vogel (27) 

950 Stackelbeck (16) 

(1849) 

(1914) 

(1933) 


-77 1 

656 

680 Vogel (27) 

(1914) 

Propylene 

20 0 

845 

835 Titani (21) 

(1933) 

0 0 

784 

783 Titani (21) 

(1933) 

Ethylene 

20 0 

1000 

1008 Trautz and Heberling (22) 

(1931) 

0 0 

932 

966 Graham (8) 

922 Obermayer (14) 

961 Breitenbach (3) 

907 Zimmer (29) 

907 Titani (21) 

(1849) 

(1875) 

(1901) 

(1912) 

(1933) 


-75.72 

670 

699 Zimmer (29) 

(1912) 

Methyl ether 

20 0 

889 

1020 Graham (8) 

910 Titani (21) 

(1849) 

(1933) 


0 0 

825 

905 Graham (8) 

850 Titam (21) 

(1849) 

(1933) 


Where there was no experimental value of viscosity for the temperature 
given by other authors, the observed values for the present work have been 
estimated from the curves in Fig. 1. Except for a few cases the agreement 
between the present results and those previously given is not good. The 
more recent data of Titani (21) and Trautz and Heberling (22) seem to be 
the most accurate. The present data for propylene and methyl ether check 
fairly well with those of Titani at room temperature. There is also good 
agreement between the authors’ values and those of Trautz and Heberling (22) 
for ethylene. In the case of ammonia, however, agreement with these authors 
is not found. No doubt some of the discrepancies between the authors’ 
values and those of the early workers in the field are due to the erroneous 
value for the viscosity of air at&umed by them in their calculations. In 
Table II the results of Vogel (27) for the viscosity of ammonia have been 
corrected for this error. 

Discussion 

The present data, as well as those previously given (18, 20), will now be 
employed to test the validity of equations which represent the variation 
of viscosity with temperature. 
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It is interesting to make a comparison of Equations (1), (2), (4) and (5) 
for each of the # gases for which low temperature data are available. The 
comparison over the approximate temperature range —80° to 30° C. has 
been made in the following manner. Experimental values of viscosity near 
the limits of the above-mentioned temperature range were selected and 
substituted In each of the four equations to obtain the values of the constants. 
With the constants thus determined the viscosity corresponding to some 
intermediate temperature, approximately in the centre of the temperature 
range, was calculated and compared with the experimental value. The 
results of these comparisons are summarized in Table III. 

This summary shows that 
Equation (5) accurately repre¬ 
sents the variation of viscosity 
with temperature in the tem¬ 
perature region in which the 
viscosity-temperature curve is 
convex to the temperature axis. 

In general, this seems to occur 
in the region well below the 
critical temperature. When the 
temperature-viscosity curve is 
concave to the temperature axis, 

Equation (5) fails entirely, 
whereas Equation (1) (Suther¬ 
lands equation) holds well over 
the temperature range selected. 

However, if a larger tempera¬ 
ture range is selected Equation 
(1) also fails. In some cases Equation (2) might fit the results more 
accurately than Equation (1), e.g hydrogen in Table III. 

In testing Jones 1 relation (Equation (3)), very good agreement between 
calculated and observed values is obtained in temperature regions where the 
viscosity curve is concave to the temperature axis. However, this equation, 
like Sutherland’s, fails completely at low temperatures for gases like carbon 
dioxide, sulphur dioxide, ammonia, methyl ether and propylene. From 
Table III it may be noted that Equation (5) gives much the best representation 
of the variation of viscosity with temperature for these gases over the low 
temperature range considered. Equation (5) may be written in the form: 

l0g (7f) ”° r + 6 • * (6) 

Thus, if log in/Vf) is plotted against the temperature, a straight line of 
slope e and intercept b should be obtained. This has been done for each of 
the above-mentioned five gases, and all the experimental pofcts fell on a 
Btraight line for temperatures between 20° and —80° C. Table IV shows 
the values of the constants a and b determined in this manner. 


TABLE III 

Comparison of calculated and 

EXPERIMENTAL VALUES 


Gas 

Deviation of equation, % 

(1) j 

(2) 

(4) 

(S) 

Tarbon dioxide 

2 57 

1.43 

0.88 

0.18 

Sulphur dioxide 

1 67 

0.94 

0 30 

0.21 

Ammonia 

1.77 

1.35 

0 82 

0.21 

Methyl ether 

1 14 

0 87 

0.60 

0.35 

Propylene 

1.48 

0 94 

0.32 

0.20 

Mean deviation 

1.72 

1.10 

0.58 

0.23 

Ethylene 

0 19 

0 39 

0 97 

1.55 

Hydrogen 

0 33 

0 21 

0 60 

0.72 

Air 

0 30 

0.45 

1.28 

1.73 

Mean deviation 

0 27 

0.35 

0.95 

1.33 
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TABLE IV 

Values of the constants of Equation (6) 


A comparison of the observed results and those calculated by means of 
Equation (6) with the constants given in Table IV, shows agreement to 
within 0.2%, over the temperature range 30° to —80° C.* However, this 

relation fails at the higher tem¬ 
peratures at which the relations 
of Sutherland and Jones have 
been found to hold. In general, 
Equation (S) or (6) seems ade¬ 
quate in temperature regions 
where the viscosity curve is 
convex to the temperature axis, 
as has been found for some 
- gases at low temperatures. 

Since the viscosity of a gas does not vary directly as the square root of 
the temperature, owing to variation of the mean free path with temperature, 
Fig. 2, in which the quantity rj/\/T for several gases is plotted against the 
temperature, graphically represents the variation of mean free path with 


Gas 


Carbon dioxide 
Sulphur dioxide 
Ammonia 
Methyl ether 
Propylene 


0.000865 

0.000855 

0.001010 

0.000842 

0.000876 


-5.32187 

-5.38600 

-5.52737 

-5.53129 

-5.56332 
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temperature. For points above room temperature the data of Trautz and 
co-workers (22-25) for carbon dioxide, sulphur dioxide, ammonia and ethy¬ 
lene were used. The high-temperature values for methyl ether and propylene 
are those given by Titani (21). The low-temperature data for air and carbon 
dioxide are those given by Sutherland and Maass (20), for sulphur dioxide, 
those of Stewart and Maass (18). The low-temperature values for ammonia, 
ethylene, methyl ether and propylene are from the present work. Since the 
authors* values for the viscosity of ammonia at room temperature do not 
check with those of Trautz and Heberling (22), the whole high-temperature 
portion of the ammonia curve has been given a vertical displacement to make 
it continuous. 

The curves for carbon dioxide, sulphur dioxide, ammonia, methyl ether 
and propylene in Fig. 2 each show a point of inflection or an inversion point. 
Below these points the viscosity-temperature curves are convex to the tem¬ 
perature axis, while above they are concave. Below this inversion point the 
authors have found Equation (5) to represent the variation of viscosity with 
temperature adequately. Other authors have found Sutherland’s equation 
to hold well for the higher temperatures. 

Fig. 2 shows that the temperature-viscosity curves for air and ethylene 
are always concave to the temperature axis over the temperature range 
considered. Hydrogen gives a similar curve (20). The data for the viscosity 
of helium (9, p. 286) give a curve which is concave to the temperature axis 
over the entire range —258 to 100° C. 

So far as the authors know, the inversion from concave to convex at low 
temperatures in the viscosity-temperature curves has not been previously 
pointed out. The suggestion is made that this is the general form of the curve, 
and that if measurements could be made at low enough temperatures, air, 
hydrogen and ethylene would show similar inflections. 

In general, it seems that the inversion point in the viscosity curves may be 
related to the critical temperature and the dipole moment of the gas. The 
approximate inversion temperatures for five gases in Fig. 2 have been found 


in the following manner. 

Starting with a temperature TABLE V 

r Comparison of dipole moments, critical temper- 

ot oU C., tne value oi aiures and inversion temperatures 

»// V A UUUVOJA/UUUJg l-w VVVIJf ----- 

10 degree rise in tempera¬ 
ture was read off from the ^ as 

graphs for ^ach gas. The in- 

Dipole, 
moment 
n X 10 1 * 

Critical 

temp., 

°C. 

Inversion 

temp., 

°C. 

crease in the value of y/x^f 

every 30 degree interval, Air r ° 8en 
, -80° to -50° C„ -70° Wene 
-40° C., etc., was found p ro j 3 yi C ne 
subtraction. These dif- Methy^ether 
ferences were then plotted Sulptedioxide 
against the mean tempera- 

0 00 
0.00 

0 00 
0.13 
0.34 
1.32 
1.48 
1.66 

-239:9 
-140 7 
9.7 
31.1 
92.3 

157.2 

12 

30 

42 

35 

65 
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ture of the interval. All the curves thus obtained showed a well defined 
maximum which corresponds to the point of inflection of the q/\/T 
versus temperature curves. These results, together with the values for the 
critical temperature and dipole moment of each gas, are given in Table V. 

The dipole moments of hydrogen, air, ethylene, carbon dioxide, ammonia 
and sulphur dioxide are the mean of several values given in Table IV, p. 40 
of Debye’s “Polar Molecules”. The value for methyl ether is that given 
in Table II, p. 8 of Debye’s “Dipole Moment and Chemical Structure”; that 
of propylene is given by Watson, Rao and Ramaswamy (28). 

The critical temperature values are those given in International Critical 
Tables, Vol. 3, p. 248. 

Table V shows that the dipole moments, critical temperatures and the 
inversion temperatures of the viscosity curves are roughly parallel. The 
values of the inversion temperatures given are estimated to be correct to 
±10° C. The only misplacement seems to be ammonia, but, when it is 
remembered that the data of Trautz and Heberling (22) had to be changed to 
check with the present data for ammonia, it may be suggested that this is 
perhaps due to experimental error. < 

The fundamental analysis of Jones (10) was based on an equal attraction 
or repulsion in all directions. Though this condition is approached at high 
temperatures for polar molecules, it is conceivable that at a sufficiently low 
temperature this postulate ceases to express the facts. The more polar the 
molecule, the higher the temperature at which this would occur. It may be 
possible to extend the theory to take this into account. 
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THE INFLUENCE OF THE PREHEATING OF WOOD IN WATER 
ON THE RATE OF DELIGNIFICATION BY 
SULPHITE LIQUOR 1 

By A. J. Corey 2 and O. Maass 8 

Abstract 

The rate of delignification of wood chips has been measured and found to 
conform to the monomoiecular relation, provided that the standard method 
of penetration developed in this laboratory is used (3). Pretreatment of the 
wood chips by heating in liquid water at 130° C. decreases the rate of delignifi¬ 
cation by subsequent cooking in sulphite liquor, and the rate no longer conforms 
to the monomoiecular relation. Preheating of the wood to 130° C. in the 
absence of water does not influence the rate of subsequent delignification. The 
results Indicate the advantage of reducing the time of cooking, and a tentative 
explanation has been offered regarding the mechanism involved. 

A study has been made of the delignification rate in calcium bisulphite 
liquor of sprucewood chips which have been subjected to three different 
types of heat pretreatment:—(i) In an atmosphere of nitrogen; (ii) in dis¬ 
tilled water; (iii) in toluene. Black spruce heartwood of density 0,33 was 
used, and the chip size was 3 X 10 X 20 mm. The wood contained 30.5% 
of lignin, as determined by the method of Potter and Ross. 

Method L The wood sample was dried in an oven at 105° C. for 24 hr. 
and weighed in a closed receptacle. It was then transferred immediately 
to a distilling flask fitted with a rubber stopper, through which a glass tube 
extended to the bottom of the flask. This tube was connected to a nitrogen 
cylinder, and the side arm of the flask, to a suction pump. The flask was 
evacuated and nitrogen introduced, the process being repeated several times 
to ensure the complete displacement of the air by nitrogen. This precaution 
was taken to avoid oxidation of the wood. The flask was immersed in an 
oil bath at a temperature of 130° C., and heated for one to six hours. 

Method 2 . Wood samples of known weight were placed in a vacuum desic¬ 
cator, and after the vessel had been evacuated distilled water"was run in. 
Then by alternately evacuating and applying atmospheric pressure the chips 
were completely impregnated with water. The chips were then removed, 
placed in a bronze tx>mb of 200 cc. capacity containing distilled water, and 
heated in an oil bath at 130° C. for definite periods of time. 

Method 3. Pretreatment with toluene was carried out in a similar manner, 
except that the chips were thoroughly dried at 105° C. before impregnation 
with toluene. After the heat pretreatment was completed, the chips were 
removed from the liquid, dried at 105°, and evacuated to remove the last 
traces of toluene. 
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After the heat pretreatment the chips were left in contact with air long 
enough to ensure that the moisture contents were approximately the same 
in every case. 

The cooking was carried out in a small cell of 60 cc. capacity, so designed 
that it could be evacuated, and pressures up to 10 atm. could be applied 
during the cooking period. Wood samples of approximately six grams were 
used in each experiment. The composition of the calcium bisulphite cooking 
liquor was as follows:—total SO 2 , 5.15; free SO 2 , 3.90; combined SO 2 ,1.25%. 

The cooking procedure was as follows. The chips were placed in the cell 
which was then subjected to evacuation for 30 min. at a pressure of one 
centimetre of mercury. The cooking liquor was run in, the cell immersed 
in the oil bath and the temperature raised to 140° C. in 30 min. The tem¬ 
perature was then held constant for the duration of the experiment by means 
of a suitable electric thermoregulator, and the pressure in the cell kept at 
seven atmospheres by means of a cylinder of compressed nitrogen gas and a 
reducing valve. 

The chips were removed from the cell, disintegrated with a small, high 
speed electric disintegrator, and washed several times with distilled water. 
The resulting pulp was divided into two portions, one being used to make a 
test sheet, and the other for analytical determinations. 

Experimental Results 

In the first series of experiments (Table I, A) wood samples were heated 
in an atmosphere of nitrogen, as described in Method 1, for varying periods 
of time, and afterward were cooked at maximum temperature (140° C.) for 
three hours. 

TABLE I 


Effect on cooking properties of wood of preheating to 130 ° C. in (A ) nitrogen, 

AND IN (B) WATER 


Run 

Yield 

Yield of 

Lignin 

Residual 
lignin, %, 

Mullen 

Time of pretreat- 

no. 

of pulp, 

cellulose, 

in pulp, 

based on 

strength, 

ment at 130° C., 


% 

% 

% 

wood used 

% 

hr. 


A. Method 1.—Preheating in an atmosphere of nitrogen 


■ 


49 3 

7 35 

3.9 

166 5 

No pretreatment 



50 2 

6,45 

3.5 

159 5 

No pre treat ment 

b ms 

55 7 

52.1 

6 42 

3 58 

157 

1 

115 

54.4 

51.1 

7.11 

3.86 

150 

2 

117 

53.0 

49.2 

7 22 

3.92 

175 

4 

121 

53.8 

50.2 

6.74 

3.63 

164 

6 


B. Method 2.—Preheating in water 


mm 

54.8 

...T 

48.8 

11.0 

6.2 

132 

1 

1KEEH 

58.2 


12.4 

7.23 

109 

2 

:19 

65.0 

54.6 

16.1 

10.45 

54.0 

4 

120 

67 5 

54.0 

20.05 

13,5 

—— 

6 
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The yield of cellulose was determined by difference, and so includes all 
carbohydrates not determined as lignin. 

For purposes of comparison two runs were made on untreated wood chips. 
Table I, B , shows the results obtained when the chips were pretreated by 
heating in water at 130° C. for varying periods of time, and then cooked for 
three hours at 140° C. 

Table II is a comparison between wood heated in toluene at 130° C. for 
six hours, and untreated wood. The two 'samples were cooked for three 
hours at 140° C. 

TABLE II 

Results obtained with wood pretreated in toluene and with wood not pretreated 


Run 

no. 

Yield of 
pulp, 

% 

Yield of 
cellulose, 

% 

Lignin in 

t 

Residual 

lignin, 

% 

Mullen 

strength, 

% 

Type of 
treatment 

134 

52.2 

48 8 

6 88 

3.6 

145 

Toluene-treated 

110 

53 2 

49 3 

7 35 

3 9 

166 5 

Not pretreated 


The runs listed in Table III were made on chips which had been pretreated 
in water for six hours at 130° C. and then cooked at 140° C. for the periods 
of time indicated. 

For purposes of comparison a “burnt cook” was obtained as follows. 
Untreated chips were placed in the cooking cell and the usual pre-evacuation 


TABLE III 

Results obtained with wood pretreated *or six hours with water at 130° C., 

and with untreated wood 


Run 

Yield of 

Yield of 

Lignin 

Residual 


Hours 

no. 

pulp, 

cellulose, 

in pulp, 

lignin, 


cooked at 


% 

r' 

/o 

Vo 

% 


140° C. 


A . Chips pretreated for six hours in water at 130° C . 


mm 

43.3 

42 4 

1 83 

0.79 

100 

8 

mfim l 

45.2 

44 3 

2 08 

0 94 

130 

7 

127 

47 0 

45 4 

3.35 

1.57 

130 

6 

126* 

50 5 

47.2 

6 62 

3.34 

138 

5 

128 

59 3 

52 0 

12.3 

7.3 

63.5 

4 

120 

67.5 

54.0 

20 05 

13.6 

— 

3 

132 

80 7 

60 0 

25.2 

i 

20.3 

i 

* 

1.5 


B. Untreated wood 


135 

46.3 

45.0 

2.55 

n 

145 

5 

110 

53.2 

49.3 

7.35 

VmKmm 

166.5 ' 

3 

131 

65.3 

55.8 

14.4 


— 

1.5 

130 

85.9 

61.3 

28*. 7 

ESM 

WKBmm 

0.5 























152 


CANADIAN JOURNAL Of RESEARCH, VOL. 13,, SEC. a. 


was omitted. The liquor was introduced and the cell immersed in the oil 
bath, which had been preheated to 120° C. The temperature of the bath 
was raised to 140° C. in IS min. 

« 

A three hour test run was made and definite “burning 0 was obtained. 
Using the same procedure, Run 125 was “burned 0 at the beginning and the 
cooking continued for eight hours. 

TABLE IV 

Results obtained with a burnt cook 


Run 

no. 

Yield of 

t- 

Yield of 
cellulose, 

% 

Lignin in 
pulp, 

% 

Residual 

lignin, 

% 

Mullen 

strength, 

Length of 
cook, 
hr. 

125 

43.5 

37.5 

13 5 

i 

5 8 

— 

8 


Discussion < 

A consideration of Table I, A, shows that the cooking properties of wood 
are not altered by heating to 130° in the absence of liquids. Any variation 
in the results, particularly in the mullen strength, is to be attributed to 
variations in the composition of the different samples. Small knots in the 
dry wood chips are hard to detect and wood containing them will yield a 
sheet containing shives. Hence the mullen strength value is lowered. 















COREY AND UAASS: EFFECT OP PREHEATING IN WATER ON DBLIGN1FICATI0N 153 


Table I, B, indicates that heat treatment of wood in water makes sub¬ 
sequent delignification of the wood in calcium bisulphite liquor very difficult, 
and this effect increases with the length of the pretreatment. The wood 
pretreated for six hours was so slightly cooked after three hours at 140° C. 
that the chips could not be disintegrated. 

The difference in the results obtained by the two methods of pretreatment 
is brought out in Fig. 1, in which the residual lignin, calculated on the basis 
of the original wood, is plotted against the time of pretreatment. 

In order to ascertain whether liquids other than water produced this effect, 
a wood sample was pretreated in toluene for six hours at 130° and cooked for 
three hours at 140° C. In Table II the results of this run are compared with 
those of a cook made on untreated wood, also cooked three hours. 

Table III, A, shows that wood pretreated in water can be delignified if 
cooked a sufficient length of time, but owing to this increased period of diges¬ 
tion the cellulose fibres are degraded and low mullen strengths are obtained. 
The maximum strength is shown after five hours' cooking but with untreated 
wood (Table III, B) the maximum strength is indicated after three hours’ 
digestion. 

The results of Run 125 confirm the belief that a “burned cook” cannot be 
delignified by prolonged cooking. The rate of cellulose degradation was more 
rapid in this case than the rate of delignification, so that no separation of 
cellulose from lignin could be obtained. It would then appear that the 
result of water-heat pretreatment differs in nature from that of "burning”. 

Investigation has shown that the rate of delignification in the sulphite 
process approximates that given by a monomolecular reaction (4, 5) 


where / is the time in hours, L„ the percentage lignin in the wood, L the per¬ 
centage lignin remaining at time t, and k the velocity constant of the reaction. 
Thus if the logarithm of the percentage of residual lignin, calculated on the 
weight of the wood, is plotted against time, a straight line relation should be 
obtained. This result has been obtained with woodmeal in a thorough 
investigation carried out by Yorston (5). The authors found that the same 
result could be obtained with wood chips provided that the perfect penetration 
procedure outlined by de Montigny and Maass (1) was followed. 

In Fig. 2 are plotted values taken from Table III, and though the untreated 
wood follows the monomolecular relation approximately, the pretreated wood 
shows a great deviation. m 

According to Higglund (2) there are three main reactions leading to the 
removal of lignin— 

1. Sulphite addition to the lignia-carbohydrate compound in the solid 

phase. f 

2. Hydrolysis of the lignin sulphonic carbohydrate compound in the solid 
phase. 
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3. Hydrolysis of the liberated carbohydrate. Sulphur determinations made 
in the experiments listed in Table III, A, indicated that sufficient sulphonation 
had taken place, so that the decreased rate of delignification observed with 



pretreated wood must be attributed to a change in the rate of hydrolysis. 
A. possible explanation is advanced to account for this change, and for the 
shape of the curves in Fig. 2. 

If the lignin is present in the wood as submicroscopic particles, heating in 
aqueous solutions might tend to cause agglomeration and increase in particle 
size. On the other hand, the cooking action tends to decrease the particle 
size, so that in the cooking process two opposite effects are superimposed. 
If these two effects could be separated, curves would be obtained as shown 
in Fig. 3, but acting together the two cancel and give the straight line relation 
required by the monomolecular rate. 

When wood is pretreated by heating in water the particle size of the lignin 
is increased to a maximum, and the rate of delignification greatly decreased 
in the first stages of the process. Later on, the effect of decreasing particle 
size, brought about by the cooking action, predominates and the curve falls 
rapidly. 
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The inflexion in the curve after seven 
hours may indicate that some of the lignin 
is more resistant to removal, but the in¬ 
accuracy of lignin determinations in this 
region of the curve makes it of doubtful 
significance. 

This work was repeated using a wood 
specimen of different density, and the 
same results as those described above 
were obtained. They have been omitted 
owing to lack of space. 

The hypothesis advanced to explain 
the effect of heat pretreatment in water 
is of course a tentative one, and other 
explanations, such as a structural change 
in the lignin, produced by the pretreat¬ 
ment, suggest themselves. In any case 
it appears from the experiments described that a decrease in cooking time 
will benefit the process of delignification, an additional reason for finding 
means of decreasing the so-called penetration period. Experiments designed 
to test this out are contemplated. Furthermore work is being undertaken 
on the pretreatment of wood in aqueous solutions of salts, acids, and bases, 
but sufficient results have not yet been obtained to warrant the drawing of 
conclusions. 
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Fig. 3. Effect of changing particle 
size on the rate of delignification . 

A, effect of increasing particle size; 

B, monomolecular relation , C, effect of 
decreasing particle size . 
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MEASUREMENT OF THE VARIATION OF THE DIELECTRIC 
CONSTANT OF WATER WITH EXTENT OF ADSORPTION 1 

By G. H. Argue 2 and O. Maass* 


Abstract 

An experimental technique has been devised for the measurement of the 
dielectric constants of cellulosic materials containing various amounts of adsorbed 
water. From measurements made with standard cellulose the dielectric constant 
of the adsorbed water was calculated over the concentration range 0 to 18% 
of water. The dielectric constant of the water initially adsorbed is less than one- 
quarter of that of liquid water, but it increases with the amount of water subse¬ 
quently adsorbed, until the dielectric constant approximates that of liquid 
water as the water content of the fibre approaches tne saturation point. These 
results are shown to be in agreement with the hypothesis concerning the nature 
of the system cellulose-water. 


Introduction 

In a recent paper (1) the nature of the adsorption of water on cellulosic 
materials was discussed at considerable length. With the hope of finding 
further evidence in favor of the views set forth, an investigation was started 
in which the change in the dielectric constant of the adsorbed water with 
increasing concentration of water was measured. A technique was developed 
whereby the dielectric constant of bone-dry cellulose could be determined 
and subsequent measurements made after the addition of a known amount 
of water. 

While no work has been published on the dielectric constant of water 
adsorbed on cellulose, a paper by Von Tausz and Rumm (5) on the dielectric 
constant of adsorbed water appeared while this work was in progress. The 
sorbents used by them were silica, lignite and tobacco. Of these, only the 
last-named bears any similarity to the system to be described. Their results 
will be discussed later. 

Apparatus 

The dielectric constant apparatus that was employed has been in use in 
this laboratory for some time. With it, small capacities are measured by 
means of a heterodyne beat method. The set-up was arranged to give a 
wave-length of 600 metres. The frequency of the two oscillators differed by 
1000 cycles per sec., so that a telephone could be used for the null point 
reading. The precision-measuring condenser was mounted in the centre of a 
circular platform, 5 ft. in diameter, with a 6 in. vertical scale around the 
edge. A beam of light was thrown on a small mirror fastened to the central 
rotor shaft of the condenser so that a spot of light was reflected on to the 
scale. The sensitivity was such that a change of 0.05 cm. on the scale 
could be easily detected. 
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The experimental condenser consisted of two concentric brass cylinders 
0.07 cm. in thickness. The inner diameter of the larger cylinder was 2.58 
cm., and the outer diameter of the smaller plate was 2.05 cm. The outer 
and the inner condenser plates were respectively 22.95 cm. and 23.6 cm. 
in length; the entire condenser was enclosed in a glass tube provided with 
platinum leads and an outlet to the evacuated glass system, as shown in 
Fig. 1. The outer brass plate fitted snugly into the glass cylinder and three 



small prongs on each plate held the condenser centrally in the glass tube. 
The dimensions of these projections were: on inner cylinder, 2 by 0 29 by 0.07 
cm.; on outer cylinder, 1.02 by 0 4 by 0.07 cm. A direct electrical contact 
was made between the platinum wires and two of the outer binding posts of 
a double-throw mercury switch, not shown in the diagram. The central 
binding posts were connected to the capacity-measuring apparatus. With the 
switch in one position the capacity of the external leads from the measuring 
condenser to the mercury switch was measured. With the switch in the 
other position, the total capacity of the external leads, internal leads from 
the switch to the condenser plates and the experimental condenser itself was 
determined. The experimental capacity readings given in this work are the 
differences in the capacities measured when this switch was in these two 
positions. That is, the measured capacity was due to the brass condenser 
and its internal leads only. Further, the repeated measurement of the cap¬ 
acity of the external leads served as a check on the operation of the capacity¬ 
measuring apparatus. 

All external leads were enclosed in copper tubes which were held in a fixed 
position and earthed. The various parts of the entire capacity-measuring 
apparatus were grounded. Further, the oil bath surrounding the experimental 
condenser was provided with a constant level device, so th*j£ no variable 
capacity effects due to a change in the volume of liquid in the bath were 
introduced. The metallic parts of the thermostat and the supports for the 
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glass apparatus were connected to an equipotential, earthed shield. The 
negative side of the 110 volt d-c. which supplied the power for the motor and 
heaters was grounded through a 10,000 ohm resistance. It was found that 
the effect of mutual and earth capacity had been minimized, and since only 
differential capacity measurements were made, any small variable change in 
capacity cancelled out, or was negligible compared to the large capacity of 
the experimental condenser. 

The evacuated glass system, shown diagrammatically in Fig. 1, was of 
simple design. Two mercury traps T and K were U9ed in place of stopcocks. 
The former served as a manometer by which the pressure in the apparatus 
was measured; it also formed a seal between the entire apparatus and the 
atmosphere. The latter isolated the short section forming the pipette, P, 
by which the amount of water vapor admitted to the chamber containing the 
cellulose was measured. By adjusting the leveling bulb, N , and the stop¬ 
cock, M, the required amount of water could thus be admitted. The pressure 
in the entire system could be reduced to that of 10“ 6 cm. of mercury in a few 
minutes by means of the two mercury diffusion pumps and a Cenco Hyvac 
pump, all in series and sealed on at W. In order to ensure that water vapor 
did not condense in the various parts of the apparatus when the moisture 
content of the cellulose sample approached the saturation point, two pre¬ 
cautions were taken. Fine resistance wire (16 ohms per foot) was wound 
around the glass tubing connecting the component parts of the system, and 
a small current was passed through the wire. In this way the temperature 
of the glass was maintained at from 30 to 35° C. Further, a small Dewar 
flask filled with ice was placed around the pipette before the water level 
was measured. 

Experimental Procedure 

A weighed sample of dry cellulose, purified as previously described (1), 
was packed into the annular space between the plates of the experimental 
condenser. The apparatus was assembled in the glass case, C, and the 
electrical contacts were made. 

A small bulb, partly filled with distilled water, was sealed to the system at 
R , and small traces of gas were removed by alternate freezing and melting 
of the liquid while the apparatus was kept evacuated. The part of the system 
forming the pipette was shut off from the remainder of the apparatus by the 
mercury in the trap K f and the liquid was distilled into the pipette and the 
bulb was sealed off at R . 

In order to remove the water vapor which the cellulose sample sorbed 
from the atmosphere during its transfer to the condenser, the temperature of 
the oil bath was raised to 100° C. and maintained at that point for two hours. 
The entire apparatus was evacuated and at regular intervals dry air was 
admitted to the system until the pressure was approximately that of 20 cm. of 
mercury, and allowed to remain in contact with the sample for 10 min. 
Finally, the J>ath was cooled to 25° C., the temperature control was regulated 
and the mercury limb in the manometer T was raised to a height sufficient 
to withstand atmospheric pressure. 
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The capacity of the condenser containing dry cellulose was measured. A 
known volume of water was allowed to evaporate into the evacuated system 
by lowering the level of the mercury in K. After equilibrium was estab¬ 
lished, the capacity of the condenser was again determined. This procedure 
was repeated until the fibre was almost saturated. Furthermore, the differ¬ 
ence between the barometric pressure and that indicated by the height of the 
mercury in the manometer T was the equilibrium pressure of the water 
vapor in contact with the cellulose. By means of the vapor pressure-adsorp¬ 
tion data (5), it was possible to check the amount of water adsorbed on the 
sample, and also to ensure that equilibrium was established before the 
capacity was measured. 

Capacities could be measured to within 0.1%. For a sample containing up 
to 2% of adsorbed water the change in the capacity was 2.3 cm. units. At 
this concentration the probable error in the value deduced for the capacity 
of water was 1.6%. When the water concentration on the cellulose sample 
was 10%, the probable error was 0.3%, and with the higher moisture con¬ 
centrations the errors were smaller. 

The largest probable error was introduced by the measurement of the 
amount of water adsorbed by the cellulose. The volume of water was estim¬ 
ated to within 0 005 cc.; the total volume of water adsorbed by cellulose 
containing 2% of water was 0.1 cc., hence the probable error was 5%. The 
error decreases and, with increasing amounts of water, eventually becomes, 
less than 1%. 


The Calculation of the Dielectric Constant 

The absolute value of the capacity of the condenser was measured and it 
agreed fairly well with that calculated on the basis of the dimensions of the 
condenser. The difference between the calculated and the measured capacity 
of the condenser can be accounted for by certain lead corrections and the 
capacity due to the projections on the top of the condenser. These corrections 
were difficult to estimate. Since it was found that the actual capacity of the 
condenser does not enter into the calculation of the dielectric constant of the 
absorbed water, this difference will not be considered further. 

The capacity of the empty condenser is given by the following relation: 
i L + C — xdi, 

where L is the capacity due to the internal lead wires from the condenser 
plates to the mercury switch, C is the capacity of the condenser, dj is the 
measured deflection on the scale of the measuring condenser, and * is a pro¬ 
portionality factor, which can be calculated from a consideration of the. 
calibration of the measuring condenser by the measurement of the capacity 
of a standardized fixed capacity. % 

Similarly, the capacity of the internal leads is 
L - xd%. ■ 
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At the conclusion of the experiments the glass tube surrounding the con¬ 
denser was opened, the two cylindrical plates were removed, and the capacity 
of the internal leads was measured. The lead wires were in the same position 
relative to one another as they were in the actual experiments. Hence, dt 
is the deflection on the scale of the measuring condenser due to the capacity 
of the lead wires. The value of d% found experimentally was 8.0 cm. From 
these two relations, it follows that the capacity of the condenser is given by 
C - xfa-b). 

Further, the capacity of the condenser filled with dry cellulose, C m , is 
C m - x(dt-dt), 

where dt is the deflection measured by the precision condenser. 

The dielectric constant of the cellulose-air mixture, will be given by 


From the last equation, the value of e m was calculated as follows 


82 96 —80 
*“ “ 68 23 - 8 0 


1.24 . 


Hence the dielectric constants of the cellulose and of the adsorbed water do 
not depend on the absolute capacity of the condenser, since they are cal¬ 
culated from the dielectric constants of the cellulose-air and cellulose-air- 
water mixtures given by the above relation. 

Also, it should be pointed out that the method used and the arrangement 
of the electrical measuring apparatus were such that the electrical con¬ 
ductivity of the adsorbed water had no effect on the results of the capacity 
measurements. This method was, in part, developed in this laboratory for 
the measurement of the dielectric constant of water and hydrogen peroxide (4). 

It is difficult to estimate the dielectric constant of a dielectric that does not 
completely fill the space between the plates of the condenser. If the sample 
is in a regular arrangement in layers parallel to the surface of the plates with 
air spaces between the layers, it can be shown that 



where € is the dielectric constant of the substance, € m is the resultant dielectric 
constant of the material and the air in the sample, and and — are the vol¬ 
ume percentages of air and the substance. 

If the dielectric is arranged at right angles to the surface of the plates, 
that is, if the material forms a continuous conductor across the air gap between 
the plates with alternate columns of air and material, it can be shown that— 





( 2 ) 
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According to Lichtenecker (3), if the dielectric is in the form of very small 
particles distributed at random in the air space in the condenser, the following 
empirical relation obtains 

log «» - Y log € . (3) 


The diagrams shown in Fig. 2, clearly define the spatial arrangement of the 
dielectrics in the mixture between the plates. In Fig. 2, a, b and c refer to 
Relations 1,2, and 3, respectively. 
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Fig. 2. Diagrammatic representation of typical distributions of dielectric and 

air tn condenser. 

For the measurement of the dielectric constant of cellulose from the capacity 
measurements of a condenser filled with cellulose fibre, it is obvious that the 
first relation cannot be applied. It might appear that the relation between 
e m and e given in Equation (3), would be the correct one. However, cellulose' 
consists of fibres, the average length of which is 2.5 cm., while the distance 
between the plates of the experimental condenser used in this work was 0.265 
cm. Also, from the manner in which the cellulose was packed into the 
condenser, it is probable that the second relation is the one most closely 
approximated. 

From the dielectric constant of the mixture of dry cellulose and air in the 
condenser (as calculated above), it is possible to determine the dielectric 
constant of cellulose by means of Equation (2). The volume* percentages 
of dry cellulose and air are 7.87 and 92.13%. Hence, the dielectric constant 
of cellulose, €, is 

1 24 « 0 921 + 0 079e 
€ - 4 11 

Similarly, from Equation (3) 

log 1 24 - 0 079 log e 
€ - 13 21 

There 16 no generally accepted value for the dielectric constafrt of cellulose. 
It is pointed out in The International Critical Tables (2) that the value of 
€ is between 3.9 and 7.5. It is improbable that the dielectric constant of 
cellulose is 13, as given by Equation (3). That of a carbohydrate such as 
sugar is 4, Hence, it would appear that Equation (2) gives Im the dielectric 
constant of bone-dry cellulose a value that is of the right order of magnitude. 
As the main interest in the subsequent work lies in the relative values to be 
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assigned to the dielectric constant of the adsorbed water, and as the experi¬ 
ments were carried out in such a way that the position of the cellulose fibres 
was not altered by the adsorption of the water vapor, whatever arrangement 
of the ceHulose fibres holds for the calculation of the dielectric constant of 
dry cellulose also holds for the subsequent calculation of the dielectric constant 
of the adsorbed water. Since Equation (2) gives a reasonable value for the 
dielectric constant of cellulose, this relation will be used in the calculation 
in connection with the adsorbed water. It can be expected that the relation 
of any one value of the dielectric constant of adsorbed water to another is 
correct. 

In the use of Equation (2), extended to include the system cellulose-air- 
water, it was assumed that during adsorption the volume of the water remained 
unchanged. It has been shown that a contraction in volume of the adsorbed 
water takes place. Even if this contraction is as large as that found by 
Filby and Maass, it was not assumed by them that the water alone suffered 
this contraction. Part of the decrease in volume will undoubtedly be partici¬ 
pated in by the cellulose. Thus, the true volume of the water is an unknown 
quantity, and was not taken into account. Later on*, this will be referred to 
again, as the values for the dielectric constant of adsorbed water show that 
some such contraction in the system does take place when adsorption begins. 

Results 

The experimental data and the calculated values of the dielectric constant 
are given in Table I. The true weight of water sorbed on the sample, 
corrected for the amount of water vapor in the total evacuated volume of the 

TABLE I 

Calculated dielectric constants 


Weight of water 

Gm., ILO/gm. 

True 

Dielectric 

Dielectric 

sorbed, 

gm. 

cellulose 

capacity, 
cm.-units 

constant of 
mixture 

constant of 
adsorbed water 


Run 1 


0.0 

0.0 

74 73 

1.241 


0.096 

0.0189 

77.01 

1.279 

15.73 

0 438 

0 0862 

90 60 

1 504 

25.48 

0.792 

0.156 

119.0 

1 976 

39.22 


Run 2 


F!t!l ■ 

0.0 

74.96 

1.245 



0 0073 

75.58 

1.255 

12.81 


0 0230 

77.63 

1.289 

16.70 


0.0452 

81.61 

1.355 

20.84 


0 0675 

86.28 

1 433 

23.63 


0 089 

90.74 

1.507 

24 91 

0.611 

0.120 

103.85 

1.724 

33.46 

0 . 840 ^ 

0,}65 

122.0 

2 . 026 - 

39.51 

0.0 

0,0 

75.10 

1 

1.247 

— 
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apparatus, is shown in the first column. Knowing the weight of the sample, 
S.084 gm., it was possible to calculate the weight of water adsorbed per gram 
of dry cellulose. The third column shows the true capacity of the condenser 
and its contents, in units of the scale divisions of the measuring condenser, 
when the water concentrations are those shown in the preceding columns. 
The dielectric constants of the heterogeneous system cellulose-air-water 
are shown in Column 4. These data, shown in Fig. 3, were calculated as 



Fig. 3. Relation between dielectric constant of 
mixture cellulose-water and air and water 
content of cellulose . 


mentioned previously. The dielectric constant of the mixture, « m , increases 
as the volume of water adsorbed becomes larger. In the last column the 
dielectric constant of the adsorbed water, calculated from an extended 
relation similar to that given by Equation (2), is shown. A typical example 
follows:— 

Total volume of the condenser, 41.4 cc.; weight of cellulose, 5.084 gm.; 
volume of cellulose = 5.084 X 0.62 = 3.26 cc.; volume of water, 0.23 cc.; 
volume of air = 41.4 — 3.26 — 0.23 = 37.91 cc.; dielectric constant of 
air, 1; dielectric constant of cellulose, 4.11; dielectric constant of the mixture, 
1.35. Hence, 

1.35 X 1 ■> 1 4-4.11 X ^^4" tjfto X ^ 

tHyO ** 20.84. 

The dielectric constant of 0.23 gm. of adsorbed water is 20.84. The data in 
Column 5 are shown graphically in Fig. 4. An inflection in the curve occurs 
at a point corresponding to a water content of approximately 0.09 gm. of 
water per gram of dry cellulose. This apparent discontinuity may be ex¬ 
plained in the following manner. 

If the water first adsorbed on the cellulose surface occupies a smaller 
volume than is accounted for if a density of 1 gram per cc. is assigned to it, 
then the dielectric constant of the adsorbed water as calculated is too small. 
In the range of small water contents, the curve might well^take the form 
shown by the dotted line, if the volume contraction of the adsorbed water 
could be taken into account. 
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The values of the dielectric constant shown in the last column of Table 1 
are the mean dielectric constants of the adsorbed water over the concentration 
range from the concentration corresponding to zero adsorption to that at 
which the measurement was made. It is possible to calculate the dielectric 



TOTAL VOLUME OF APEOAEEC WATER, CC TOTAL VOLUME OF ACOOTOEP WATER CC 


Fig. 4. Relation between dielectric con - Fig. S. Relation between dielectric 

slant of all water adsorbed on cellulose and constant of water adsorbed at various 

amount of water adsorbed . stages and volume of adsorbed water . 

constant of a small volume of water that would increase the water content 
concentration over a small range. The additive relation expressed by Equa¬ 
tion (2) may be given in the form— 

^ X V% ~ X Vi m 

where e fl and c, f are the dielectric constants when the volumes of 9 orbed 
water are Vi and v 2 respectively, and € is the dielectric constant of the small 
increment of water* In Table II the value of e for each increment of water 
is given. 

TABLE II 

Average dielectric constant of water adsorbed over a small 

CONCENTRATION RANGE 


Range of Water 
content, 



0 3-0 4 


Dielectric 

Range of water 

Dielectric 

constant of 

content. 

Vt-Vt, (cc.) 

constant of 

water added 

water added 

IS 8 

0.4-0.5 

36 5 

23 6 

0.5-0 6 

45 5 

27.5 

0.6-0.7 

57.3 

31.1 

0 7-0.8 

70.7 
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In Fig. 5 the average dielectric constant for each definite volume of water, 
0.1 cc., adsorbed by the cellulose over the concentration ranges shown in 
Table II, is plotted against the mean volume of water present on the cellulose 
between these concentration limits. 

When the concentration is 0.8 cc. of adsorbed water, 16% adsorption, the 
cellulose sample has sorbed an amount of water that is just 4% lower than 
that found at the fibre saturation point. The last portion of water adsorbed 
might be expected to be mainly in capillary tubes. Such adsorbed water 
would have a dielectric constant of 79, so that the dielectric constant of the 
adsorbed water apparently approaches that of liquid water. 

Discussion of Results 

Since the value for the dielectric constant of cellulose is a reasonable one 
and that of the adsorbed water near the fibre saturation point agrees with 
the accepted value for the dielectric constant of water, all the indicated 
values of the dielectric constants of water probably do not differ much 
from the true values. The relation used in the calculation would give 
too small a value, since only a part of the cellulose fibres are in pillar forma¬ 
tion. However, the lines of force would be drawn in to a certain extent if 
the dielectric is spread in pillar formation, and the relation in Equation (2) 
would give too high a value for the dielectric constant of the mixture. It may 
be that the cellulose spread laterally just compensates for this effect and that 
the results found are, therefore, very nearly the absolute ones. 

However, no emphasis is laid on the foregoing fact, as it may be entirely 
fortuitous, and the value of the dielectric constant of cellulose may well be 
higher than that given by Equation (2), namely, 4.11. 

The main object of this investigation has been achieved independently of 
the accuracy of the absolute values. It has been shown that the dielectric 
constant of the adsorbed water becomes larger with increased adsorption, 
gradually reaching the value for liquid water. 

Von Tausz and Rumm (5) found that the dielectric constant of water 
adsorbed on tobacco decreased from 90 to 25, when the water content was 
reduced from 19 to 15%. A change of this magnitude is improbable. The 
dielectric constant of water at 25° C. is actually less than 90 (4). The 4% 
change that occurs in water concentration in the vicinity of the fibre saturation 
point will not change the nature of the adsorbed water to so appreciable an 
extent. The relation that these experimenters used-, Equation (3), while 
probably legitimate for their measurements with powders, is not so when 
applied to a fibrous material, which on packing spreads, to some extent, from 
one electrode to the other. 

Conclusion 

The large value of the dielectric constant of a polar liquid is due mainly to 
the orientation that the liquid molecules, which are free to fttate, assume in 
an electric field. Adsorbed molecules will not have the freedom that those 
in the liquid have. Hie water molecules that form the first adsorbed layer 
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on the cellulose micelle will be strongly held to the surface and will rotate 
through only a very limited range. The dielectric constant of these adsorbed 
water molecules would be low. The molecules in a second adsorbed layer 
would not be as securely anchored, and would be free to rotate through a 
larger range under the influence of an electric field. Hence, the dielectric 
constant of the adsorbed water increases with further additions. At a point 
in the water adsorption where the adsorbed molecules are no longer under the 
influence of the surface, the dielectric constant of the adsorbed water would 
reach a maximum value equal to that of liquid water. That the dielectric 
constant does not increase abruptly to its limiting value as soon as the initial 
free surface has been saturated is to be expected. New surface for water 
adsorption is created continuously as further amounts of water are adsorbed. 
This fact is shown clearly in Fig. 5. The experimental results are, therefore, 
an excellent confirmation of the hypothesis regarding the physical structure 
of cellulose, and the mechanism of adsorption that was given in the intro¬ 
duction. 

From the forms of the various graphs, one is tempted to draw quantitative 
conclusions regarding the amount of water which is'adsorbed, the amount 
held as liquid water, and the amount of new cellulose surface created in the 
various stages of adsorption. However, it will be well to postpone these 
estimates until the absolute value of the dielectric constant of cellulose has 
been definitely established. Further, the experimental apparatus in its 
present form is not such as to permit of the estimation of the dielectric constant 
of water left by desorption. It can be predicted, however, that when this 
investigation is continued, information of even greater interest than that from 
the heat of wetting measurements will be obtained (1). 
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A NOTE ON THE SPECIFIC HEATS OF 
LIQUID DEUTERIUM OXIDE* 

By R. S. Brown 2 , W. H. Barnes 3 and O. Maass 4 

Abstract 

Preliminary determinations of the specific heats of liquid deuterium oxide 
from 4® to 65° C. are described. The average specific heats over the tem¬ 
perature ranges 4° to 26° C., 26° to 45® C., and 26° to 65° C., are 1 018, 1 003 
and 1 008 respectively, while the average specific heat between 4® and 65® C. is 
1 01 cal. per gm. per degree. 

In a previous investigation of the specific heats and latent heat of fusion 
of solid deuterium oxide (3) it was found that the average specific heat of 
liquid D s O is higher than that of water between 3.8° and 25° C. In the 
present note some preliminary determinations of the specific heats of liquid 
deuterium oxide over the temperature range 4° to 65° C. are described. 

The adiabatic calorimeter (1) previously employed (3) was modified for 
the present study by replacing the inner calorimeter vessel with one of smaller 
capacity, and by extending the supports for the radiation thermocouple 
junctions in order to ensure the optimum distance (about 1 mm.) between 
the junctions and the wall of the inner vessel. 

The 12 gm. sample of 98% deuterium oxide (3) was transferred from the 
platinum container to a Pyrex bulb of about 14 cc. capacity by the methcd 
outlined in the previous paper (3), and was sealed therein. The same weight 
of distilled water was sealed in a second Pyrex bulb of the same shape and 
virtually the same capacity. 

The total heats of the bulbs plus D 2 0 and H 2 0, respectively, were measured 
from known initial temperatures to a final temperature of 26.0° C. Oil 
thermostats, automatically controlled to within ±0.05°C., were employed 
to bring the containers and contents to the initial temperatures desired. 

It was found that appreciable heat losses from the bulbs occurred during 
their transference from the thermostat to the calorimeter. This disadvantage 
in the present procedure, when results of a very high degree of accuracy 
are desired, has already been pointed out (2). In the present determinations 
these heat losses were estimated in the following manner. A series of total 
heat measurements of the bulb containing ordinary water for different periods 
of transfer was made from each initial temperature. The times of transfer 
were determined to within 0.1 sec. The heat losses were calculated by means 
of the equation. 

hm « (Cjsr*0 WHiO + Cpy Wpy) (U — t') — H, 

where h m is the heat loss during transfer for time x . 
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Cs,o and Cj>* are the specific heats of water and Pyrex, respectively, for 
the temperature range (/, — t,), where U is the initial, and t, the final, 
temperature. 

wa t o and w Py are the weights of water and Pyrex, respectively, 

JET is the total heat of the Pyrex bulb and water from /, to /, as measured 
in the calorimeter. 

A curve of the heat losses plotted against times of transfer was drawn for 
each initial temperature. The time required to transfer the bulb containing 
deuterium oxide was observed for each determination, and the heat loss 
during the transfer was obtained from the curve for the initial temperature 
involved. About five experiments were made on the deuterium oxide from 
each initial temperature. 

The total heats per gram (h Dt0 ) of liquid deuterium oxide from the initial 
to the final temperature were calculated by means of the equation, 

W H frx Cpy WPy (ti O 

where H is now the total heat of the Pyrex container and deuterium oxide 
from the initial temperature, t„ to the final temperature, t,. as measured in 
the calorimeter. 

It should be noted that since the weights of Pyrex and the surface areas 
of both bulbs were virtually the same, any error in assuming the values for 
Cp y disappears in the above expression since h x contains Cp v . 

Since the final temperature in the calorimeter was always within about 
0.5° of 26 0° C., the total heats were corrected to this latter figure in the 
usual way (2). 

The total heats taken up or given up by one gram of liquid deuterium oxide 
when warmed or cooled from various initial temperatures to 26 0° C. are 
given in Table I. 

TABLE I 

Total heats of liquid D,0 


Initial temp., °C. 

4 0 

26 0 

45 0 

65 0 

Total heat, cal /gm. 

-22 4 

0 0 

19 05 

39 25 


The maximum difference between the total heats observed in the different 
experiments from each initial temperature was less than 1%, so that the 
probable accuracy of the values in Table I is of the order of 0.5%. From 
these figures the average specific heats of liquid deuterium oxide over the 
temperature ranges 4° to 26° C., 26° to 45° C., and 26° to 65° C., are 1.018, 
1.003 and „ 1.008, respectively, while the average specific heat between 4* 
and 65° C. is 1.01 cal. per gm. per degree. 
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The accuracy of the results shown above does not warrant other conclusions 
than that the specific heat of heavy water is slightly higher than that of 
ordinary water, although there appears to be a trend towards decreasing 
values with rise in temperature, and the minimum in the specific heat curve 
probably is at a higher temperature than is that for ordinary water. It is 
also of considerable interest to note that the molecular heat of heavy water 
is greater than that of ordinary water by an amount almost proportional to 
their differences in molecular weight. 

As mentioned in the previous paper (3), certain improvements in the 
adiabatic calorimeter are under discussion at the present time. As these 
will permit the determination of the thermal constants of deuterium oxide 
to be made to at least one part in a thousand, it has been deemed advisable 
to discontinue the present investigation until the new calorimeter is com¬ 
pleted. On account of the unavoidable delay which this will entail, it was 
considered to be of interest in the meantime to present the data contained 
in this note. 
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THE REACTION PRODUCTS OF INDOLS WITH DIAZOESTERS 1 

By Richard W. Jackson 2 and Richard H. Manske* 


Abstract 

In conformity with findings of previous work on indols and in contradistinction 
to more recent work on pyrrols, the action of diazoesters on indol leads to 3- 
substituted as well as a small amount of 1 : 3-disubstituted derivatives. The 
formation of 2-substituted derivatives could not be demonstrated. The reaction 
discussed is a convenient one for the synthesis of a wide diversity of indol 
compounds. 


Those natural derivatives of indol whose constitution has been elucidated 
in whole or in part, have invariably been found to carry substituents in the 
3-position although the 2- and possibly the 1-position may also be occupied. 
Synthetically too, those derivatives with the substituents in the 3-position 
are in general more readily available, and this is particularly true when the 
substituents carry reactive groups which lend themselves to further syntheses. 

The direct introduction of substituents into ther pyrrol or alkyl-pyrrol 
nucleus leads to 2-substituted derivatives when this position is available. As 
examples, the synthesis of pyrryl-2-acctic acid by the action of ethyl diazo¬ 
acetate on pyrrol (5), and the synthesis of 2-methylpyrryl-5-succinic acid (1) 
by the reaction between 2-methylpyrrol aijd maleic anhydride, may be cited. 
The latter of these reactions when applied to indol yields unexpected products 
(2). The action of ethyl diazoacetate on 1-methylindol, however, was found 
by Piccinini (6) to yield l-methylindolyl-3-acetic acid, and 2-methylindol 
yields the corresponding 3-acetic acid. Nevertheless it seemed desirable to 
reinvestigate this reaction with indol to ascertain whether indolyl-2-acetic 
acid was one of the reaction products. The isolation of indolyl-3-acetic acid 
proved to be facile enough and in some respects this synthesis is the most 
satisfactory yet recorded (3). The presence of indolyl-2-acetic acid could not 
be demonstrated. 

When an excess of the diazoester was employed there was obtained a 
moderate yield of indylene-1 :3-diacetic acid*. This substance is of some 
interest in that heating or distilling it in vacuo eliminates only one carboxyl 
group, and this observation is pertinent in connection with its constitution. 
In view of the ready loss of carbon dioxide from indolyl-3- and from 1-methyl- 
indolyl-2-acetic acid (3), the decarboxylated product is formulated as 3-methyl- 
indolyl-1-acetic acid. The highly purified dibasic acid gives a coloration with 
Ehrlich’s reagent only with difficulty, and in this respect resembles 1-methyl - 

1 Manuscript received June 10, 1935. 

Contribution from the Department of Physiological Chemistry, Yale University, New Haven, 
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tryptophane (7). The decarboxylated product reacts normally to the test. 
No tri-substituted product could be isolated even when a large excess of the 
diazoester was employed, and the attempted condensation of 2 :3-dimethyl- 
indol yielded only the unchanged starting material together with the decom¬ 
position products of the diazoester. 

While it is improbable that 2-substituted indols will become available by 
this method, an extension of the reaction to another diazoester, namely, 
diethyl diazosuccinate, has indicated a route by which a great diversity of 
indol-3-substituted derivatives may be prepared. The reaction product in 
the case cited is indolyl-3-succinic acid, which on gentle heating loses one 
carboxyl group and yields the known 0-3-indolylpropionic acid. 

Incidentally, another synthesis of indolyl-3-acetic acid is recorded. While 
of no particular merit for obtaining the unsubstituted acid, because of mediocre 
yields, the method, it is felt, may offer distinct advantages in connection with 
some derivatives of the acid. Diethyl /3-cyanopropionacetal (4) was hyd¬ 
rolyzed to the corresponding acid, which was then hydrolyzed by means of 
hydrochloric acid to the semi-aldehyde of succinic acid, and the latter without 
being isolated was condensed with phenylhydrazine. The product, subjected 
to the Fischer indol synthesis, yielded the required acid. 

In conclusion it is pertinent to note that the attempted condensation of 
2 : 5-dimethylfuran* yielded no acidic products other than those derived from 
the decomposition of the ester. 

Experimental 

Indolyl-3-acetic Acid and Indylene-1: 3-diacetic Acid 

A dried ethereal solution of ethyl diazoacetate prepared from 50 gm. of 
glycine ester hydrochloride was slowly run into a Claisen flask (fitted with 
a long fractionating column) in which had been placed 19 gm. of indol and a 
trace of copper powder. The ether was rapidly distilled off as the solution 
was run in, so that the reaction was thus made to proceed smoothly. Finally, 
the product was heated to 100° C. in the vacuum of a water pump, transferred 
to a Claisen flask and distilled at 2 to 3 mm. There was frequently a second 
evolution of gas at this stage, and this was particularly pronounced in the 
experiment in which the proportionate quantity of diazoester was greatly 
increased. 

The almost colorless distillate was hydrolyzed with an excess of methanolic 
potassium hydroxide, the solution diluted with water and the methanol 
distilled off. Thorough extraction of this solution with ether yielded 2 gm. 
of indol. The alkaline solution was then acidified with hydrochloric acid 
and again exhaustively extracted with ether. The combined extracts were 
dried with sodium sulphate and the ether distilled off. The solid, reddish 
residue was transferred to a suction funnel and washed with cMd ether. 

*We art indebted to Mr. A. F. G. Cadenhead of Shawinigan Chemicals Ltd. for a gift of 
this furan. 



172 


CANADIAN JOURNAL OP RBSEARCB. VOL. S3, SBC. B. 


The indolyl-3-acetic acid readily dissolved in the ether and was recovered 
from the filtrate by removal of the solvent. It was recrystalllzed from a con¬ 
centrated solution in ethyl acetate by the addition of benzene, or from hot 
water. The latter solvent is preferable when the acid is already of a good 
grade. In either case, the adequately purified product melted at 167 to 
168° C.*, with the evolution of carbon dioxide, and this melting point was 
not lowered when the material was admixed with a specimen prepared from 
indolyl acetonitrile or one synthesized by the method to be detailed later. 

The residue from the ether extraction was washed cautiously with cold 
ethyl acetate and then dissolved in the same solvent at the boiling point. 
The solution was treated with charcoal, filtered and evaporated to a small 
volume and, when cooled somewhat, treated with dry ether. This induced 
almost immediate crystallization. The product, filtered off, washed and 
dried, melted at 238° C. with evolution of carbon dioxide. Repetition of 
the purification raised the melting point to 242°. The diacetic acid is moder¬ 
ately soluble in warm water and methanol, but sparingly soluble in cold 
ethyl acetate or ether. The purest specimen gave no immediate color with 
Ehrlich’s reagent. Calcd. for C 12 H 11 O 4 N: N, 6.03$). Found: N, 5.93%. 
(Kjeldahl.) Neutralization equivalent: calcd., 116.5; found, 115. The yield 
of indolyl acetic acid was 12 gm. and that of the diacetic acid was 1.2 gm. 

In a second experiment 35 gm. of indol and the diazoester ester from 150 
gm. of glycine ester hydrochloride were employed, and the product, worked 
up as described above, yielded a small amount of indol, 10 gm. of indolyl-3- 
acetic acid and about four grams of indolyene -1 : 3-diacetic acid. The mother 
liquors of the acid fraction were submitted to further exhaustive fractionation. 
Small amounts of both the acids mentioned above were isolated but no new 
acid was discovered at any stage of the work. 

3-MethyUndolyl-l-acetic Acid 

The diacetic acid described above was heated in an oil bath to 240° C. 
under slightly reduced pressure until the evolution of carbon dioxide ceased, 
and then distilled at 3-4 mm. The distillate was extracted with aqueous 
sodium bicarbonate and then the filtered solution was extracted several 
times with ether, acidified and again extracted with ether. The last extract 
was dried with sodium sulphate and the solvent largely removed. Cautious 
addition of benzene induced rapid crystallization. The acid, filtered off and 
washed with benzene and then recrystallized from ether-benzene, melted 
sharply at 178° C. It gave an intense pink color with Ehrlich’s reagent. The 
acid is moderately soluble in hot water and crystallizes in slender needles. 
Calcd. for C u HiAN: N, 7.41%. Found: N, 7.49%. (Dumas.) 

Indolyl-3-succinic Acid 

A dried ether solution of diethyl diazosuccinate prepared from 112 gm. of 
aspartic acid ester hydrochloride was slowly added to 58 gm. of indol and a 
trace of copper powder in a Claisen flask equipped with a condenser for 


*All melting points ore corrected. 
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distillation. The reaction mixture was kept hot by means of the steam bath. 
Nitrogen was copiously evolved but the reaction never became violent. When 
the reaction had ceased the mixture was freed of readily volatile products by 
heating the reaction mixture to 100° C. under the vacuum created by a water 
pump. The oily residue was then distilled at 5 mm. At first indol distilled 
and as the temperature rose a gas was evolved. The gas evolution ceased 
in a short time and the main fraction distilled at about 250° C. The distillate 
was hydrolyzed with an excess of methanolic potassium hydroxide. A con¬ 
siderable quantity of water was added, the methanol boiled off and the cooled 
solution repeatedly extracted with ether; 35 gm. of indol was thus recovered. 
The alkaline solution was acidified with dilute sulphuric acid. No precipitate 
was obtained. The solution was extracted repeatedly with ether, the com¬ 
bined extracts washed once with a little water and dried over sodium sulphate, 
and the solvent removed. The dark oily residue rapidly crystallized, and in 
this condition was only moderately soluble in ether. A dark tarry impurity 
was removed by two successive charcoal treatments in the minimum volume 
of hot water. On cooling, a copious yield of almost colorless indolyl-3- 
succinic acid was obtained. This melted at 198° C. with evolution of carbon 
dioxide. The total yield of acid including that recovered from the mother 
liquors was 21 gm. 

The bulk of the indol succinic acid was esterified with absolute ethanol 
and hydrogen chloride and subsequently distilled at about 200° C. at 3 mm. 
A specimen of the ester, twice recrystallized from benzene and petroleum 
ether and then once from benzene, melted at 79-80° C. The pure white 
crystals were apparently solvated because upon standing they lost both 
weight and lustre. Calcd. for CuHuChN: N, 4.85%. Found: N, 5.16%. 
(Dumas.) 

The remainder of the ester was hydrolyzed with ethanolic potassium 
hydroxide and the indolyl succinic acid recovered. The purest material was 
secured from the potassium salt which separated from the cooled alcohol 
solution. The acid, after crystallization from hot water (charcoal), was 
beautifully crystalline and melted at 199° C. However during the purification, 
the substance assumed a slight pinkish cast. This property recalls the similar 
behavior of the related indolyl-3-acetic acid. The recoveries of the ester and 
acid yere virtually quantitative. Calcd. for CjsHuChN: N, 6.01; C, 61.8; 
H, 4.76%. Found: N, 5.90, and 6.19 (Dumas); C, 62.2; H, 4.70%. 

One gram of the dibasic acid was cautiously heated over a free flame until 
the evolution of carbon dioxide ceased. The residue was recrystallized once 
from hot water, then dissolved in aqueous sodium carbonate, regenerated from 
the solution after treating with charcoal and filtering, and recrystallized from 
hot water. Colorless plates of /3-3-indolyl-propionic acid, melfcing at 131° C. 
either alone or admixed with an authentic specimen, were thus obtained. 
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Indolyl-3-acetic Acid 

A solution of 47 gm. of /3-cyano-propionacetal (4) in 75 cc. of methanol was 
treated with 17 gm. of potassium hydroxide in 25 cc. of water. The mixture 
was slowly evaporated on a steam bath. It was then treated with 400 cc* 
of water in two portions and evaporated after each addition. The residue 
was dissolved in 400 cc. of water, and the solution clarified by filtration 
(charcoal). The filtrate was heated on a steam bath for an hour with 40 cc. 
of concentrated hydrochloric acid and then treated with an excess of sodium 
acetate. A clarified solution of 33 gm. of phenylhydrazine in dilute acetic 
acid was added. The oily phenylhydrazone, which was at once precipitated, 
was extracted with ether. The solvent was removed and the residue freed 
of moisture by heating at 100° C. with suction. The residue was then heated 
under reflux with a solution of 30 gm. of sulphuric acid in 140 cc. of absolute 
ethanol for four hours. Much water was added and the oily product extracted 
with ether, washed with aqueous sodium bicarbonate, and dried over sodium 
sulphate. The residue obtained on removal of the ether was distilled in vacuo . 
The fraction boiling at 172 to 178° C. at 2 mm. was hydrolyzed with methan- 
olic potassium hydroxide. The solution was diluted with water, freed of 
methanol, and filtered after treatment with charcoal. Cautious addition of 
dilute hydrochloric acid to the filtrate yielded a crystalline acid which was 
filtered off, washed with water, dried, and washed with benzene. This 
product when recrystallized from hot wat£r, or from ether-benzene, yielded 
flat colorless plates melting at 167° C. with the elimination of carbon dioxide 
and the production of 3-methylindol. Admixture with an authentic specimen 
of indolyl-3-acetic acid prepared from indolyl-3-acetonitrile or with a specimen 
prepared from indol and ethyl diazoacetate caused no depression in the 
melting point. 

Acknowledgment 

The authors are grateful to Mr. H. Laidlaw for preparing a pure specimen 
of 2 : 3-dimethylindol and for assistance in some of the experiments with the 
ethyl diazoacetate. 

References 

1. Diels, O. and Alder, K. Ann. 490 : 277-294. 1931. 

2. Diels, O. and Alder, K. Ann. 498 :1-15. 1932. 

3. King, F. E. and L’Ecuyer, P. J. Chem. Soc, 1901-1905. 1934. 

4. Manske, R. H. Can. J. Research, 5 :592-600. 1931. 

5. Nenitzescu, C. D. and Solomonica, E. Ber. 64 :1924-1931. 1931. 

6. Piccinini, A. Gazetta, 29 : 363-371. 1899. 

7. Wieland, H., Konz, W. and Mittasch, H. Ann. 513 :1-25. 1934* 



175 


RECHERCHES SUR LA MATlfeRE AROMATIQUE DES PRODUITS 

DE L’feRABLE A SUCRE 1 

Par J. Risi 2 et A. Labrie 3 

Resume 

La mature aromatique du sirop et du sucre durable est un produit complexe, 
tr&s instable, formE d ? une partie solide et d'une partie liquide rEsineuse. La 
partie solide contient de la vanilline et de l’acide vanillique. La partie r&sineuse 
fournit, apr&s dEdoublement par FEmulsine, du gaiacol, Les extraits de la s&ve 
durable ne contiennent pas la matiEre aromatique du sirop et du sucre; celle-ci se 
dEveioppe seulement durant la cuisson. La sEve contient cte la vanilline, de l’acide 
vanillique et du gaiacol. La concentration de ces dErivEes phEnoliques dans la 
sEve est de 0 5 parties par million. II se forme une quantity additionnelle de 
substances phEnoliques au cours de la cuisson. La subirtance aromatique donne 
en milieu alcalin des phEnolates inodores et de couleur brun foncE. Un sirop aro¬ 
matique et peu colore doit done Etre prEparE k un pH inf6rieur kl. La colo¬ 
ration jaune ou brune du sirop n'est pas due essentlellement k la formation de 
caramel. 

L'Ecorce de l’Erable contient une ^lucosidase qui hydrolyse la conifErine et 
Tamygdaline; elle est semblable k I'emulsine, nous 1’appelons “AcErase”. La 
sEve durable contient un ferment du type de l’amylase qui dEdouble I’amidon de 
Tarbre en un disaccharide de nature non dEterminEe, et qui est actif mEme k 
des temperatures relativement basses. 

Le bois durable contient trEs peu dc conifErine, laquelle se transforme, vers 
le ler septembre, en substances resincuses de nature ligneuse. Les graines 
durable ne contiennent pas de conifErine, mais la mEme substance aromatique 
que le sirop. La coniferine peut Ctre la substance-mere de la vanilline dans le 
bois et la sEve durable. Dans l’extrait aromatique du sirop il n’y a pas de 
coniferine, d’alcool et d'aldEhyde coniferylique et de “Sulfitlaugenlakton”. 

L'arome des produits de l’erable est prinnpalement dfl k la formation d’had- 
romal au cours ae la cuisson de la sEve. A cfttE dc 1’hadromal, il peut y avoir de 
trEs faibles quantitEs d'autres matiercs aromatiques. La sublimation destructive 
de l’hadromal donne de la vanilline, du gaiacol et de l’acide vanillique, tout 
comme les extraits aromatiques du sirop d’crablc. La synthase de l’nadromal 
peut se rEaliser k partir du sucrose (furfural), de la vanilline et du gaiacol. Il 
est probable que rhadromal ne se trouve pas a I'etat libre dans les bois; 1’hadromal 
de Czapek et de Combes est plutdt formee par synthEsc catalytique k partir des 
dits fragments de la lignine. 


Introduction 

Les trois espfees durables, Acer saccharum, Acer saccharinum et Acer rubrum 
fournissent au printemps une sEve sucrEe qui donne par Evaporation k 
grande surface du sirop et du sucre k aromc caractEristique. Nelson (12), 
qui voulait identifier la nature chimique de cette substance aromatique, 
arrive k la conclusion: "Investigation of the flavor of maple syrup showed 
that it depends to a great extent on an unstable phenolic substance which 
is associated with a crystalline aldehyde melting at 74-76° and similar in odor 
and properties to vanillin. Maple syrup may contain minute quantities of 
other aldehydic substances which influence the flavor". Snell (16) dit que 
le principe aromatique est identique ou semblable k la vanilline*par suite de 
l’odeur et des propriEtEs des extraits. L’un de nous (14) a Etabli des mEthodes 

1 , Manuscrit re$u le 11 janvier, 1935 . 
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de dosage des fonctions phfenoliques et ald6hydiques dans les produits de 
ratable, permettant de distinguer des nombreux produits falsifies les produits 
authentiques de l’6rable. Le but du present travail 6tait de prfeciser nos 
connaissances sur Torigine et la nature chimique du principe aromatique 
des produits de T6rable. 

Partie thfiorique 

L Extraction et propriitis des extraits du sirop et de la shve 

Par extraction k lather d’un sirop dilu£, trait6 par l'&nulsine k 25-35° C. 
pendant 2 semaines, on obtient un r^sidu brun, rfesineux, trfes aromatique, 
Une partie du rfeidu est soluble dans lather de p£trole et abandonne une 
substance solide blanche, associ£e k un produit collant. Le solide recristallis6 
(tr£s faibles quantity) d£montre les reactions de la vanilline. 

Par extraction k lather de la sdve durable fralche, on obtient quelques 
aiguilles incolores diss6min6es dans une huile jaune. Les cristaux ont 6t6 
identifies comme acide vanillique. La purification de la partie huileuse 6tait 
impossible. 

Dans la s£ve fralche trait6e par l’&nulsine, on a pu cor/stater, apr£s extraction 
k Tether, la presence de gaiacol, qui doit done se former par hydrolyse d’une 
substance plus complexe contenue dans la partie r£sineuse des extraits de sirop 
et de s£ve. 

La concentration en substances ph£noliques (vanilline et gaiacol) de la 
sfeve est de 1/2,000,000 dos£es comme vanilline. Vu que Ton concentre la 
s&ve k 1/20 de son volume dans la fabrication du sirop et que les sirops con- 
tiennent de 20 k 70 parties de ph6nols par million (14), on doit conclure qu’une 
quantity additionnelle de phenols libres se forme par hydrolyse durant la 
cuisson. 

La partie ph£nolique de la substance aromatique donne, par extraction de 
la solution 6ther6e k la soude, un ph6nolate inodore et colors en brun. En 
acidulant prudemment on obtient apr£s une autre extraction un r6sidu k odeur 
voisine de celle de la vanilline. Elle explique aussi la raison pour laquelle un 
bon sirop peu colors et trds aromatique doit @tre pr6par£ k un pH inferieur k 7. 

En soumettant, k titre de comparaison, une solution dilute de caramel k 
une extraction analogue, on constate que le pigment est insoluble dans lather 
et que l’agitation avec de la soude ne produit aucune coloration. Le pigment 
brun&tre du sirop n’est done pas dfl essentiellement k la formation de caramel 
pendant la cuisson, contrairement k ce que pr6tend Balch (1); au contraire, 
la coloration du sirop depend en majeure partie de la substance aromatique 
elle-mSme color£e. 

2 . Les agents hydrolytiques de VSrable 

Dans le but d’6tudier certains d6doublements hydrolytiques, nous avons 
recherche des ferments dans Tarbre vivant. 

L’extractiqn de Vkcorce durable fournit une glucosidase du type de T&nul- 
sine, que nous voudrions appeler “Ac6rase”; elle hydrolyse la coniferlne et 
l'amygdaline. 
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La a&ve durable contient un autre ferment du type de i’amylase et qui 
d6double rapidement l'amidon, contenu en grandes quantity, au printemps, 
dans les cellules des racines, des jeunes tiges et de l’assise de croissance de 
l’^rable. La sfeve ne donne pas la reaction de l’amidon, mais le ferment qu’elVe 
contient doit @tre une amylase de saccharification, qui est active, d’aprfes 
Miiller-Thurgau, d6j& k des temperatures voisines de 0°. II nous a cependant 
6te impossible de trouver du maltose dans la s^ve, quoique la presence d'un 
disaccharide autre que le sucrose soit probable. 

3. La substance aromatique en rapport avec la contfirine, Valcool et I’aldikyde 

coniferylique 

La presence de vanilline dans la seve et dans les extraits de sirop durable, 
ainsi que d’une glucosidase dans l’6corce nous a conduit k rechercher l’origine 
de la mature aromatique dans la coniferine trfcs r£pandue dans le rfegne 
v6g6tal. 

En appliquant la methode de Tiemann et Haarmann (18) au bois d’erable, 
il nous a ete possible d’extraire du cambium un peu de coniferine, mais avec 
un rendement beaucoup plus faible que dans le cas des coniferes. Aprds le 
ler septembre, l'erable n’a presque plus de seve et le cambium du jeune bois 
ne contient plus de coniferine; 1’extraction donne seulement un residu resineux 
k odeur de vanilline et demontrant les reactions de la lignine. 

Par extraction des graines durable on obtient une substance resineuse qui 
ne contient pas de coniferine, mais qui est aussi aromatique que les extraits 
de sirop d’erable. 

La presence de coniferine dans le bois d’erable etablie, nous avons voulu 
examiner si la mattere aromatique contenait son produit d’hydrolyse, l’alcool 
coniferylique, ou son produit d’oxydation, l’aldehyde coniferylique, ou un 
derive de polymerisation, appeie “Sulfitlaugenlakton”. Nous avons prepare 
ces corps i titre de comparaison; ils ont des proprietes nettement differentes 
de la vanilline et des extraits de sirop et ne se trouvent pas k l’etat libre dans 
la mature aromatique de l’erable. 

4. La substance aromatique en rapport avec Vhadromal 

L’hadromal a ete isoiee du bois par Czapek (4), et plus tard par Combes (3) 
et par Hoffmeister (7). Grafe (5) pretend qu’elle est composee de vanilline, 
methylfurfural et pyrocatechine. A cause de sa composition et k cause des 
proprietes aromatiques fort int6ressantes que ces auteurs donnent, nous avons 
entrepris l’etude de l’hadromal. 

Dans les produits de l’erable, nous avons isoie la vanilline et l’aCklevanillique, 
mais nous n’avons pu deceler le furfural jet le methylfurfural, quoique la 
cuisson du sucrose en solution faiblement acide doive entralner la formation 
de ces produits. Voici la raison: En concentrant une solution de sucrose 
faiblement acide, on constate apr&s peu de temps la prgse&fte de furfural 
(papier d’acetate d’aniline); mais 1 si on ajoute de la vanilline, la reaction du 
furfural n’apparatt que beaucoup plus tard. II semble done que la vanilline 



178 


CANADIAN JOURNAL OF RESEARCH. VOL. IS. SBC. B. 


entre imm6diatement en reaction avec le furfural naissant, ce qui se produirait 
aussi dans la concentration de la sfeve durable dont le pH est ordinairement 
en bas de 7. 

Nous n’avons jamais pu isoler la pyrocatechine dans toutes nos extractions 
de sirop et de sfeve, mais nous y avons trouve son ether monomethylique, le 
gaiacol. L’hadromal devrait done contenir un reste gaiacolique et non un 
reste pyrocatechique, ce qui est d’autant plus probable si on considfere les 
proprietes de rhadromal qui ressemblent beaucoup k celles de la lignine, et le 
fait que Liide (11) a obtenu du gaiacol et de l’acide vanillique comme prin- 
cipaux produits de dedoublement dans la sublimation de la lignine du bambou. 

En soumettant l’hadromal, pr6par6e d’apr&s Czapek (4), k une sublimation 
destructive dans l’appareil d£crit par Liide, nous avons aussi obtenu du gaiacol 
et de l’acide vanillique. Les conditions et les rfesultats sont indiqu6s dans le 
tableau No. 3. En operant dans les m§mes conditions sur un extrait aro- 
matique de sirop durable, on obtient les mgmes produits, mais avec un 
rendement plus faible. 

Afin de prouver davantage que rhadromal est ui^ des principaux consti- 
tuants aromatiques des produits de l’erable, nous avons essays de faire sa 
synthase. En effet, il nous a 6t6 possible de prouver de qette fa^on, que rhad¬ 
romal est compos^e de furfural, de vanilline et de gaiacol, et non de methyl- 
furfural, vanilline et pyrocatechine, comme le pretend Grafe. En chauffant 
une solution de sucrose avec de la vanilline et du gaiacol dans des conditions 
d6termin£es, on obtient une tr£s faible quantity d’une substance identique k 
Thadromal dans ses proprietes, et ayant rarome des extraits de sirop durable. 
En omettant le sucrose, il ne se forme pas de trace d’hadromal, ce qui prouve 
qu’il y a, dans le premier cas, formation intermediate de furfural ou de 
oxym6thylfurfural. En r£p£tant l’experience avec de l’a-oxymethylfurfural, 
prepare d’apr£s Kiermayer (10), k la place du sucrose, le r6sultat est encore 
n£gatif. Il faut done admettre la formation de furfural, lequel se combine 
imm£diatement avec la vanilline, tel que d£j& mentionn6. 

L’hadromal se forme encore mieux en chauffant les dits ingredients d’abord 
en milieu acide, ensuite en milieu alcalin de pH convenable. L’extrait 6ther6 
du produit de reaction posskie un arome trfes deVeloppe et identique k celui 
des produits de l'6rable. 

Nous avons enfin etudi6 l’action de certains catalyseurs autres que l f ac6tate 
de manganese, en particulier l'ac£tate de plomb et le chlorure stanneux. Ces 
deux sels catalysent la synthdse de rhadromal positivement. Cette observa¬ 
tion est importante au point de vue theorique, si on consid&re que Czapek 
et Combes, ont isoie rhadromal du bois en presence d'un exeks de l’un ou de 
rautre des deux sels. Nous sommes port6s k croire que rhadromal, aldehyde 
instable, n'existe pas k 1’etat libre dans les bois et que ces auteurs ront in- 
volontairement synth£tis6 au cours de leurs operations, k partir du sue cambial 
qui contient, k c6t6 de sucrose, plusieurs produits de m6tabolisme de la 
lignine, tels que la vanilline et le gaiacol. D6j& Keppeler (9) avait mis 
Texistence de rhadromal dans la nature en doute, et nos experiences de- 
vraient le prouver definitivement. 
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Cette idEe est d'ailleurs appuyEe par 1’histoiTe gEnEtique du principe aro- 
matique des produits de l’Erable. La sEve ne contient pas de trace d’had- 
romal ou autre matiEre aromatique caractEristique pour le sirop et le sucre. 
L'arome se forme entiErement au cours de l’Evaporation de la sEve & grande 
surface et en presence d'air. Cette synthase se fait & partir du sucrose, de 
la vanilline et du gaiacol presents dans la sEve. Nous avons rEalisE la com- 
binaison en hadromal en dehors des Evaporateurs de la cabane k sucre. La 
synthEse de l’arome doit Etre une oxydation lente, car elle ne se produit pas 
par concentration de la sEve dans le vide ou en presence d’un gaz inerte. 

L'arome caractEristique du sirop et du sucre durable est done principale- 
ment dO & la formation d’hadromal au cours de 1’Evaporation de la sEve. 
Vu que la finesse de l’arome varie souvent selon l’origine des produits et les 
soins apportEs k leur fabrication, il peut y avoir, k cdtE de l'hadromal, des 
traces d’autres matiEres aromatiques, par exemple des glucides phEnol- 
aldEhydiques ou des rEsines formEes par polymErisation de l’hadromal instable. 

Nous continuous nos travaux dans le but d'isoler d’autres matiEres aro¬ 
matiques, d'Etudier le mEcanisme exacte de la formation de l’hadromal et 
d’Elucider sa constitution dont la connaissance avancerait sans doute la 
chimie de la lignine 

Partie expErimentale 

1. Extraction et propri£t£s des extraits du sirop et de la s&ve 
, a. Extraction du strop 

A 18 litres de sirop d’Erable k 30% de sucre, nous avons ajoutE de l’Emulsine 
extraite d’amandes amEres (2), et comme prEservatif, une solution de fluorure 
de sodium formant 1% dans le mElange. Le tout est demeurE pendant 14 
jours k une tempErature variant entre 25-35°. Nous avons ensuite extrait ce 
sirop deux fois avec 200 et 100 cc. d’Ether par litre; 1’excEs du solvant distillE 
dans le vide, nous avons obtenu un rEsidu amorphe, brun et rEsineux, d’arome 
d’Erable trEs prononcE. En traitant cette substance par l’Ether de pEtrole, 
une partie se dissout, et le rEsidu, repris par 1’acEtate d’Ethyle, ne^dEmontre 
aucune tendance k la cristallisation. La partie soluble dans l’Ether de pEtrole 
dEpose des aiguilles groupEes en rosettes, trEs aromatiques AprEs une autre 
cristallisation de l’Ether de pEtrole, il se forme un peu de rEsine, qui, absorbEe 
par une plaque poreuse, laisse une substance solide blanche en trEs faible 
quantitE. RecristallisEe de l’Ether de pEtrole, elle se prEsente en aiguilles 
incUorqs groupEes en rosettes et semble Etre trEs pure et uniforme. TrEs 
instable, elle devient collante aprEs quelques heures seulement passEes dans 
un desiccateur k vide; elle se ramollit alors vers 60° et donne, sans passer 
par un point de fusion dEterminE, une rEsine jaune qui ne se sdlidifie plus 
aprEs refroidissement. 

Cet extrait donne les rEactions de coloration suivantes:— acide sulfurique 
concentrE-jaune, puis brun chocolat; chlorure de fer-bleu verdure; aniline- 
jaune p&le; phloroglucine et acide chlorhydrique-rose clair; benzraine et acide 
acEtique-jaune p&le. 
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L’extrait contient sans doute de la vanilline, laquelle donne les mimes 
reactions, exceptl avec l’acide sulfurique, qui provoque une coloration jaune 
seulement, mais tous deux prlcipitent des flocons blancs par addition d’eau. 
Cette difference est probablement due k la presence d’une autre substance 
que nous Itudierons plus loin. 

b. Extraction de la she d'irable 

Dix-neuf litres de slve fraiche ont Itl extraits k I’lther, et celui-ci, desslchl 
sur du chlorure de calcium, a Itl distilfe dans le vide. Le rlsidu a forml 
une huile jaune, contenant plusieurs cristaux en forme d’aiguilles. Par un 
lavage rapide k l’lther de pltrole et par une recristallisation de l’lther 
ordinaire, il s’est dlposl une substance blanche, cristallisle en aiguilles groupies 
en Itoile, que nous avons identifiee comme Itant de l’acide vanillique: P.F. 
207°; P.F. mixte, 207° C. 

II y a toujours k c6tl de cette substance cristalline une forte proportion 
d’une huile rlsineuse jaune, d’odeur forte de vanilline, mais il nous a Itl 
impossible de la purifier pour isoler cette dernilre. 

i 

c. Presence du gaiacol dans la she 

On abandonne 9 litres de seve pendant deux semaines avec de l’lmulsine 
et on extrait & l’lther. Dans le rlsidu huileux, on peut dlceler le gaiacol par 
l’odeur et les reactions de coloration. 

d. Dosage des corps d fonclion ph&nolique dans la she 

Nous avons employl la mlthode de Folin et Denis (19). Comme solution 
femoin, on s’est servi d’une solution de vanilline 1/500,000; 5 cc. de la solution 
tlmoin ont donnl la mime coloration que 20 cc. de slve d’irable. La 
concentration en substances phlnoliques de la slve d'irable est done de 
1/2,000,000, calculle comme vanilline. 

e. Formation de phinolates 

Nous avons extrait un gallon de sirop authentique avec de l’lther, et agitl 
la solution Ithlrle avec une solution aqueuse de 5% de soude. La demilre 
s’est colorle en brun, tandis que la solution Ithlrle s’est dlcolorle et cela 
aprls une seule extraction k la soude. La partie aqueuse neutralisle avec 
prudence par une solution de 5% d’acide chlorhydrique tourne au jaune clair 
au point de neutralitl. Extrait de nouveau k l’lther, le rlsidu, aprls Ivapo- 
ration du solvant, posslde une odeur trls voisine de la vanilline, sans Itre 
absolument identique. 

2 . Lbs agents hydrolytiques de l’6rable ' 
a. Extraction de VActrase” de Vicorce d’apris la mtthode de Bertrand et 
Thomas (2) 

Les Icorces d’irable broyles en poudre ont Itl traitles par l’eau pendant 
trois jours en prlsence de fluorure de sodium, comme prlservatif. La solution 
filtrle a Itl traitle par deux fois son volume d’alcool k 95%, et une substance 
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blanche floconneuse s’est pr6cipit6e, qui, redissoute dans l’eau, a 6t6 essayfee 
sur une solution de coniferine de la fa$on suivante: 

I. Solution de 1% de coniferine plus 1% de fluorure de sodium. 

II. Solution de ferments extraits des 6corces plus 1% de fluorure de sodium. 

III. Solution de 1% de coniferine plus ferments extraits des 6corces plus 
1% de fluorure de sodium. 

Ces trois solutions ont 6t6 plac£es dans l’6tuve maintenue k 37° C. pendant 
sept jours. Apr&s ce temps, le glucose fomfe a 6t6 dosd de la fa§on ordinaire 
par la liqueur de Fehling, le pr6cipit6 d’oxyde cuivreux a 6fe redissout dans le 
melange d’acide sulfurique et de sulfate ferrique, et le sulfate ferreux fomfe a 
6fe dofe par une solution de permanganate de potassium iV/100. Les fesultats 
sont indiqu6s dans le tableau No. 1. 


TABLEAU No. I. 




KMnO. 
(N/100), cc. 

I 

20 cc. de sol. Fehling (3 min. dfebullition) 

■a 

II 

20 cc. de solution de ferment plus 20 cc. de sol. Fehling 


III 

20 cc. de sol. de coniferine plus 20 cc. de sol. Fehling 


IV 

20 cc. de sol. de coniferine plus 2 cc. de sol. de ferment plus 20 cc. de 
sol. Fehling. 

H 


La quantity indiqu6e de permanganate employ^ correspond k la quantity 
de glucose fomfee. 

La consommation de quantity constantes de permanganate dans les troi= 
premiers cas, consid6r6s coniine essais k blanc, est due exclusivement k l’auto- 
rfeduction de la liqueur de Fehling k la temperature dfebullition. Dans le 
quatri£me cas, on constate nettement que la coniferine a 6fe hydrolys^e par 
l’extrait des £corces, la quantity de glucose forme etant meme appreciable. 

b. Extraction de VAcSrase" de Vlcorce d'aprls la mSthode de Schneqyans (15) 
Les ecorces pulverisees ont ete traitees par quatre fois leur poids de gly¬ 
cerine, et abandonnees pendant trois semaines k la temperature du laboratoire. 
La glycerine a ensuite ete filtree, centrifugee, et les ferments ont 6t6 prdcipifes 
par l’alcool et redissouts dans l’eau. Les essais d’hydrolyse effectues avec 
cet extrait sur de l’amygdaline ont ete executes cornme ceux que nous avons 
faits silr la coniferine. 

TABLEAU No. 2 - 



• 

KMnO« 
(N/100), cc. 

i 

20 cc. de sol. Fehling (3 min. d’6btfllition) 

■a 

ii 

15 cc. de sol. de ferments plus 20 cc. de sol. Fehling 


hi 

15 cc. de sol. d’amygdaline plus 20 cc. de sol. Fehling f 

15 cc. de sol. d’amygdaline plus 2 cc. de sol. de ferments plus 20 ccl 
de sol. Fehling. > 


IV 

■9 
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On remarque que l’amygdaline en solution aqueuse est d6j& un peu dfedou- 
U6e par la chaleur. L’ecart entre III et IV est assez grand cependant poor 
constater sans aucun doute que, dans le quatri&ne cas, un ferment est entr£ 
en action. 

c. Preuve pour la prisence dans la she d’un ferment du type de Vamylase 

Nous avons prepare une suspension aqueuse de 0.5% d’amidon, additional 
de 1% de fluorure de sodium, et avons laisse couler la s£ve durable dans cette 
solution contenue dans un recipient sterilise, attache au “chalumeau". Apris 
trois heures, nous avons obtenu la reaction des dextrines, et apr&s six heures, 
tout l’amidon a ete transform^ en disaccharide. Nous avons rGussi 4 faire 
dedoubler de cette fagon jusqu’4 20 cc. d’une suspension de 1% d’amidon, 
durant une joum£e. Ce ferment travaille encore vite k des temperatures 
relativement basses, de 0 k 15° C., temperature de la coulee printaniere. 

3. La substance aromatique en rapport avec la conif£rine, 
l’alcool et l’ald£hyde conif£rylique 

a. Extraction de la conif 6rine dubois d’Srable < 

Au cours de l’ete, nous avons applique la methode de Tiemann et Haar- 
mann (18), en grattant le cambium d’erable avec des morceaux de verre, 
mais la solution filtr6e et concentree n’a pas depose de cristaux de coni- 
ferine apris concentration au cinqui&me. Nous avons pouss6 la concentra¬ 
tion plus loin; il s’est forme une solution r6sineuse qui empSchait toute 
cristallisation, mais qui donnait les reactions de la coniferine. 

Nous avons cependant r6ussi k demontrer sa presence plus nettement par 
extraction d’une petite quantite de cambium frais d’erable, par l’alcool 
amylique; apris la distillation de l’exces du solvant, nous avons obtenu une 
faible quantite de depdt, cristallise en feuillets, semblables k ceux que l’on 
obtient par cristallisation de la coniferine du cyclohexanone. Ce produit 
donne une coloration violette avec de l’acide sulfurique concentre, et toutes 
les autres reactions de la coniferine. Apres une nouvelle recristallisation de 
l’eau chaude, on obtient des feuillets uniformes qui degagent, apres quelque 
temps, l’odeur de la vanilline. 

Apres le ler septembre, nous avons enleve des copeaux de jeune bois d’erable 
(cambium), et les avons fait bouillir avec de l'eau. Cet extrait aqueux a et6 
repris par l’ether, qui a entraine des resines k forte odeur de vanilline, enBuite 
extrait par l’alcool amylique. Le residu, apres evaporation du solvant, 
possede l’odeur caracteristique de la vanilline et ne donne pas les reactions de 
la coniferine, mais bien des reactions semblables 4 la lignine. 

b. Extraction des graines d’irable 

Nous avons pris 40 g. de graines, dont l’6corce avait ete enlevee, et nous les 
avons extraits par l’alcool dans un Soxhlet, pendant six heures. La solution 
alcoolique se colore fortement en jaune verdfttre, et le residu' laisse apres dis¬ 
tillation de l’alcool est resineux et brun. Cette resine dissoute dans l’eau et 
de nouveau extraite par l’ether a donne un residu toujours resineux, et aussi 
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aromatique que les extraite provenant du sirop durable. Toutes les ten- 
tatives de faire cristalliser cette rfeine ont 6chou6, et nous n’avons pu dlceler 
!a coniferine dans cet extrait de graines d'lrable. 

c. Preparations comparatives 

L’alcool coniflrylique a 6t6 pr6par6 par hydrolyse de la coniferine d’aprte 
F. Tiemann (17), l’aldlhyde coniflrylique par la mdthode de Pauly et Feuer- 
stein (13) modifile par Hillmer et Hellriegel (6), et la “Sulfitlaugenlakton” 
d’aprls B. Holmberg (8). 

4. La substance aromatique en rapport avec l’hadromal 

a. Preparation de Vhadromal 

Nous avons “isoll” l’hadromal du bois de chine en suivant les m^thodes 
de Czapek (4), de Combes (3) et de Hoffmeister (7). Dans tous les cas nous 
n’avons obtenu que des traces d’hadromal. 

b. Sublimation destructive de Vhadromal 

Nous avons soumis l'hadromal obtenu selon la m£thode de Czapek k une 
sublimation dans l’appareil imaging par Liide (11); le tableau No. 3 resume 
les rlsultats: 

TABLEAU No. 3 


Temps, 

Temperature, 

Produits obtenus 

mm. 

°C. 


10 

40 

i 


20 

60 

1 


30 

80 

1 

| Gouttelettes d’eau, odeur de vanilline 

40 

100 

J 

50 

120 



60 

130 


Substance huileuse jaune, odeur de galacol 

70 

140 

| 

♦ 

80 

150 

J 


90 

160 

l 

| 

100 

170 

1 

1 Aiguilles blanches disperses dans la partie huileuse (acide 

110 

180 

i 

[ vanillique). 

120 

190 

J 


Par sublimation d’un extrait aromatique de sirop durable dans les mimes 
conditions on obtient les mimes produits, mais avec un rendement plus 
faible. 

c. Synthise de Vhadromal . 

A une solution contenant 5% de sucrose, on ajoute une quantity Igale de 
vanilline et de gai'acol, un peu de malate de calcium, et de l’adtate de man- > 
ganlse, afin d’ltre k peu prls dans les conditions de milieu de la s&ve durable; 
on chauffe pendant une heure en solution faiblement acide, on r«Sd le mllange 
alcalin par du carbonate de sodium, et on maintient l’lbullition pendant 
quatre ou cinq heures. La. solution devient brune, mais elle se dicolore 
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beaucoup en la neutralisant par l’acide chlorhydrique; on extrait ensuite 
par lather. Le rdsidu dEvaporation de lEther est une poudre amorphe 
jaune (trace), qui ne possfede plus l’odeur de la vanilline et du galacol, mais 
bien une odeur caractdristique, ressemblant beaucoup 4 l’odeur des extraits 
faits sur les produits de Tferable. Cette substance fond vers 73° C.; elle donne 
les reactions des aldehydes et des phenols ainsi qu'une coloration rose avec la 
phloroglucine, et bleu verdfttre avec le chlorure ferrique. Elle se conserve 
assez bien 4 l’air, son arome s’y d&veloppe de plus en plus; un sirop pr£par4 
avec cet extrait synth£tique est identique au sirop durable authentique par 
l'arome et la saveur. 

En chauffant les mfimes ingredients d’abord en milieu acide, puis en milieu 
alcalin, en presence de catalyseurs, tels que l'acetate de manganese ou le 
chlorure stanneux, le rendement en hadromal est meilleur, quoique Ton 
n’obtienne que des traces. 
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THE ACTION OF THE TWO AMYLASES OF BARLEY 1 

By Charles S. Hanes* 


Abstract 

Experiments described in this paper confirm the view that /3-malt amylase 
selectively hydrolyzes one portion of the starch substance; this fraction 
(approximately 60% of the starch substance) is transformed into maltose and 
theee remains a residual non-reducing fraction (erythrogranulose) which retains 
the property of iodine coloration. With regard to a-malt amylase, several lines 
of evidence indicate that this enzyme does not exert a selective action upon the 
erythrogranulose fraction, as is suggested in a current theory of starch con- 
stitM&hm, but that it induces the breakdown of both fractions. In this case 
the reducing products do not consist exclusively of maltose. 


Recent investigations indicate that the dextrinogenic component of malt 
amylase is an a-amylase in the Kuhn (4) sense, whereas the saccharogenic 
component is a /8-amylase (7, 10, 14). The dextrinogenic and saccharogenic 
components have thus come to be designated a- and /3-malt amylase, re¬ 
spectively. 

According to Kuhn’s theory the production of a-maltose by a-amylases 
and /3-maltose by /8-amylases (which in accordance with the mutarotation 
phenomena is assumed to occur) results from the specific hydrolysis of oc- 
aad /3-glycosidic linkages in the starch molecule by the respective types of 
amylase. The two forms of maltose are considered to arise from the break¬ 
down of a single substrate through alternative types of hydrolysis. 

More recently van Klinkenberg (10-13) has advanced the view that the 
liberation of a- and /8-maltose by a- and /8-malt amylase is due, not to 
alternative types of hydrolysis of a single substrate, but to the selective 
hydrolysis of two components of starch which he designates a-starch and 
/3-starch, van Klinkenberg summarizes his conception of the relations 
between the two starch constituents and the two malt amylases in the follow¬ 
ing schema (13, p. 91): 

a-starch (36%) < * /3-starch (64%) 

| (by a-amylase) | (by /3-amylase) v 

a-maltose (36%) x * /8-maltose (64%) 

< 


1 Manuscript received April 30, 1935 . f 
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The evidence on which van Klinkenberg’s hypothesis is 'based consists 
essentially of the following points: 

1. When /3-malt amylase has acted to completion on soluble starch the 
reducing power of the products corresponds to 64% of the theoretical maltose. 
The iodine color remains blue or blue-violet owing to the presence of a non¬ 
reducing residual material, Wijsman’s erythrogranulose (15) or van Klinken¬ 
berg’s a-starch, which is easily separated by alcohol precipitation. This is 
interpreted as a selective and complete hydrolysis of /3-starch to maltose by 
/3-amylase, the a-starch fraction remaining unattacked. 

2. When a-amylase acts on starch the reducing power rises rapidly to a 
value that corresponds to 36% of the theoretical maltose, after which it 
continues to rise slowly. The initial rapid rise is interpreted as bang due 
to the selective hydrolysis of a-starch (36% of the total substrate) to maltose. 
To account for the slow subsequent rise in reducing power it is postulated 
that the residual /8-starch slowly undergoes transformation into a-starch 
which is hydrolyzed as it is formed. The sharp “saccharification limit” 
observed in digests with /3-amylase is taken to mean that the converse trans¬ 
formation (a-starch /3-starch) does not occur under the experimental con¬ 
ditions. 

van Klinkenberg’s conception of the selective action of /3-malt amylase 
is in general agreement with views of earlipr authors. Saccharification limits 
varying from 60 to 67% have been reported for this enzyme, and there is 
considerable evidence that the reducing power is almost exclusively due to 
maltose. Moreover, the residual non-reducing fraction (erythrogranulose) 
has been described (under various names) by several authors. 

With regard to the action of a-malt amylase, van Klinkenberg postulates 
a selectivity for the erythrogranulose fraction. Inasmuch as this view is 
based on the assumption that maltose is the sole reducing product, it would 
appear to be open to doubt since numerous observations by earlier workers 
suggest that various products of low reducing power are formed during the 
breakdown of starch by heated malt amylase (therefore, more or less pure 
a-amylase). 

The question has accordingly been re-examined. 

Methods 

Macro-Copper Method for Determining Reducing Power 

In general, the progress of hydrolysis has been followed by a modified 
Shaffer and Hartman “Combined Reagent”. In the modified form the method 
is best adapted to a range of reducing power equivalent to 12-80 mg. of 
maltose. 

A specimen of maltose prepared in the laboratory by the action of /3-malt 
amylase on soluble starch was used in standardizing the method. This pro¬ 
duct was recrystallized four times according to the T. S. Harding (1) proced¬ 
ure. After the second recrystallization the reducing power and specific rotation 
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remained unchanged ([a] $ in 2.5% solution, calculated for the monohydrate, 
wag 131.4°, the moisture content being determined by drying in a high vacuum 
at 110° C. in the presence of cold phosphorus pentoxide). 

The Yeast Removal Method 

Through the kindness of the late Prof. V. J. Harding and of Dr. T. F. 
Nicholson in allowing the writer to make use of the facilities of their labora¬ 
tories*, it was possible to apply the methods described by these authors (3) 
to the analysis of the reducing products formed by the two amylases. This 
system of sugar analysis depends upon the selective removal power under 
standard conditions of particular strains of yeast in pure culture, a large 
amount of the organism, previously washed free from reducing substances, 
being used for the removal. 

In the present investigation two yeasts, Monilia krusei and Monilia tropic- 
aUs, have been used. From the experience of Harding and Nicholson (3) 
in the use of these two organisms, it would be expected that of the sugars 
which might be formed during starch hydrolysis, only glucose would be 
removed by M. krusei, whereas glucose and maltose would be removed by 
M. tropical**. There remains a possibility that other sugars removable by 
one or other of these yeasts may be present amongst the products of starch 
hydrolysis. While for this reason it is not possible to state categorically that 
M. krusei removes only glucose, and M. tropicalis, only glucose and maltose, 
the converse statement can be made with assurance, namely, that reducing 
material which is not removed by M. krusei is not glucose, and that which is 
not removed by M. tropicalis is neither glucose nor maltose. 

In the yeast removal method the conditions defined by Harding and 
Nicholson were used. The solution to be examined was diluted so that its 
reducing power was less than equivalent to 20 mg. of maltose per 100 ml., 
sufficient N/ 100 sodium hydroxide being added to bring the pH to 6.6. 
Portions (10 ml.) of this solution were placed in centrifuge tubes containing 
0.5 gm. of washed yeast from which excess water had been removed by drain¬ 
ing and adsorption with filter paper. The preparations were.incubated for 
30 min. at 40° C., the yeast being kept in suspension by occasional stirring, 
after which the yeast was removed by twice centrifuging for 10 min. at 3000 
r.p.m., a clean tube being used for the second operation. Finally, the reducing 
power of untreated and yeast-treated portions of the solution were determined 
on 2-ml. samples by the Harding and Downs (2) Micro-Copper method. 
These determinations were carried out in duplicate, except when, as rarely 
occurred, the first two titrations differed by more than 0.03 ml. of AT/200 
thiosulphate, in which case a third determination was made. 

For each experiment, yeast blank determinations were made, 10 ml. of 
water being incubated in the standard way with 0.5 gm. of yeast. Corrections 
were then made for these values which in all cases were very small, usually 
0.01-0.03 ml. of thiosulphate per 2 ml. sample.f y 

*/* the Department of Pathological Chemistry of the University of Toronto. 

fFor the 20 nun. heating period used in Hie Micro-Copper method, 1 ml. of N/200 thiosulphate 
is equivalent to 0 263 mg. of maltose or 0.112 mg. of glucose. 
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Preparation of the Two Amylases 

The enzymes were prepared from a high grade malting barley ; with minor 
modifications, the methods described by van Klinkenberg (10-18) have been 
used. 

/ 3-Malt Amylase 

Ungerminated barley was ground in a special mill to remove Med coats, 
aleurone layer and most of the germ tissue. The product, consisting almost 
entirely of the starchy endosperm tissue, was ground to a fine flour in a coffee 
mill. A portion (500 gm.) of the flour was extracted twice with 50% alcohol 
at 5° C. (1400 ml. for 1.5 hr.; 800 ml. for 1.25 hr.). The combined extracts 
were centrifuged, and the clear solution precipitated by increasing the alcohol 
concentration to 80%. The precipitate was resuspended in 50% alcohol and 
centrifuged, and the supernatant liquor again precipitated with 80% alcohol. 
The precipitate was washed rapidly with 95% and then absolute ak&hol, and 
was dried in vacuo first over calcium chloride and then phosphorus pentofcide. 
The yield was 2.4 gm. (0.57% of the dry weight of the barley floor). 

a-Malt Amylase < 

This amylase was derived from a malt produced in the labor ato ry as 
follows: 500 gm. of barley after 24 hr. soaking in aerated water was allowed 
to germinate at 20-22° C. for three days, by which time the shoots were about 
one and one-quarter times the length of the grains. The seedlings were washed 
in distilled water, dried rapidly in an air current at 32° C., and ground to 
a flour. 

The flour was extracted twice with dilute aqueous potassium dihydrogen 
phosphate solution (0.05%) at 5° C. (1350 ml. for 2{ hr.; 1000 ml. for 0.5 
hr.). The extracts were combined and centrifuged and alcohol was added to 
the supernatant liquor to give a final concentration of 60%. The precipitate 
was suspended in 750 ml. of water and heated to 70° C. for 15 min. to inacti¬ 
vate /3-amylase. (It was heated from 10° to 70° in 9 min., held at 70° for 15 
min., then cooled to 16° C. in 11 min.) The suspension was then centrifuged 
and filtered through hardened paper, and alcohol was added to give a concen¬ 
tration of 65%. The resulting precipitate was rapidly washed in 85%, 95% 
and finally absolute alcohol, and was dried in vacuo first over calcium Chloride 
and then phosphorus pentoxide. The yield was 1.7 gm. (0.40% of the orig¬ 
inal dry weight of barley). 

The preparations so obtained were faintly gray powders. The a-amylase 
is readily taken up in water to give an opalescent solution; the /S-apngplase 
dissolves with difficulty, and even after numerous changes of water an un¬ 
dissolved fraction remains.* 

The purity of the a- and /8-malt amylase preparations was tested by the 
Wijsman diffusion method as described by van Klinkenberg (10). Props <rf 
dilute solutions of the enzymes are placed on plates of 20% gelatin containing 

V- 

*A routine procedure was adopted in preparing solutions of the 0-amylase; the weijdnA amount 
of the preparations was triturated for one hour with several changes of water, the combined extracts 
then being made up to Oolume. Concentrations will be given in terms of original dry preparation. 
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0.25% of soluble starch. Diffusion is allowed to proceed for four days at 
3* C. in a vessel containing chloroform vapor. The plates are then stained 
with dilute iodine in potassium iodide solution. 

Plates of /3-amylase showed wide circular diffusion fields which were stained 
a rose color; those with a-amylase showed smaller colorless diffusion fields. 
Mixtures of the two preparations, and also unheated malt extracts gave well 
defined pictures of the two-enzyme type—a colorless centrum surrounded by 
a rose stained ring, the diameters depending on the relative concentrations 
of the two enzymes. 

The diffusion experiments thus gave results that would be expected with 
pure preparations of a- and /8-malt amylase. 

Substrates 

The following preparations have been used as substrates for the digests 
that will be considered. Concentrations will be specified in terms of dry 
weight as determined by drying at 110° C. until no further loss occurred. 

Starch No. 1 .—This was a commercial sample of soluble starch (Pfan6tiehl 
Chemical Company). It had been prepared from potato starch by the 
method of Small (9) which consists in treatment with hot dilute alcoholic 
hydrochloric acid. As stored, the sample contained 10.87% of moisture 
and 0.21% of ash. Its reducing power (which was the lowest of several 
samples of this product) was 1.5% of the R.P. (reducing power) of maltose. 
It resembled commercial samples of Lintner soluble starch except that its 
solution was considerably less opalescent. 

Starch No. 2 .—This sample was prepared from potato starch by van Klin- 
kenberg’s modified Lintner procedure (10), which consists in leaching the 
raw starch for 12 days with 7.5% hydrochloric acid, the acid being renewed 
every two days. Its solution was only faintly opalescent; the reducing power, 
however, was considerably greater than that of any commercial preparations 
of soluble starch, and amounted to about 4% R.P. of maltose. 

Starch No. 3 .—This sample was prepared from maize starch by the method 
used for starch No. 2. Again its solution was relatively clear but the R.P. 
high—about 4% of the R.P. of maltose. 

Erythrogranulose .—This was prepared by allowing /3-amylase to act to com¬ 
pletion on starch No. 1 and precipitating the digest with alcohol (52-70% 
concentration in different batches). After the precipitate had been washed 
in 60% alcohol, it was redissolved in boiling water and reprecipitated with, 
alcohol. In one case the product was subjected to a second^digestion with 
0-amylase to ensure complete removal of material hydrolyzable by this 
enzyme. The different preparations were uniform in that they were white 
impalpable powders, almost completely devoid of reducing power (less than 
0.05% R.P. of maltose). In boiling water the material gives a strongly 
opalescent solution. Depending on its concentration it gives a blue or violet 
coloration with iodine. 



190 


CANADIAN JOURNAL OF RESEARCH . VOL. 13, SBC. S. 


Conditions of Hydrolysis 

All digests were carried out in stoppered flasks supported in a large WNfof 
bath at 35.0° C. They were kept sterile by the addition of a fe# drop# of 
toluol. Digests by j8-amylase were adjusted to pH 4.8, those by ot^amylaee 
to pH 5.4, by the addition of suitable acetic acid-sodium acetate tnixtufro, 
the final concentration of acetate being 0.016 N throughout. The pH vfcfeHSi 
were determined on digest samples with the quinhydrone electrode* The 
selected values of pH (4.8 and 5.4) lie close to the optimal values lor 
and a-amylase, respectively, as determined by Ohlsson (7) and vaa Klinken- 
berg (10). 

Experimental 

Section I. The Action of /3-Malt Amylase on Starch 
1. Saccharification Limit 

The progress of reducing power (R.P.) was followed in a series of digests 
of starch No. 1 with different concentrations of /3-amylase. 


Digests 1 to 4 

Total volume—200 ml.; pH, 4.8; starch No. 1—1,.001% throughout; 
enzyme—5, 10, 25 and 50 mg. /3-amylase in Digests 1, 2, 3 and 4, respectively. 


TABLE I 

Action of /3-amylase on starch No. 1 


Digest 

1 

2 

3 

4 

Mg. jS-amy- 
lase/200 ml. 

5 

10 

25 

50 


Time, hr. 


R.P. as percentage theoretical 
maltose* 


1 

39 2 

52 6 

57 5 

57 6 

2 

53 5 

57 2 

58 8 

58 8 

5 

58 4 

58 9 

59 8 

60 0 

9 

59 4 

59 7 

59 9 

59 9 

22 

60 2 

60 9 

60 8 

60 8 

46 

60 4 

60 8 

60 8 

60 9 


*These values have been corrected for the small R.P. of 
the enzyme , determined separately , which correspond to 
0 1,0 2,0 4 and 0 8 mg. of maltose per 10 ml. tn the 
respective digests. No correction has been made for the 
initial R.P. of the starch which corresponds to about 
1 5 mg. of maltose per 10 ml. 


Analyses were carried out 
on 10-ml. samples. The R.P. 
values have been expressed 
as percentages of the theo¬ 
retical maltose for complete 
conversion (105.6 mg. per 10 
ml.). The results are shown 
in Table I. 

These data show the exist¬ 
ence of a sharp saccharifica¬ 
tion limit, the final value be¬ 
ing apparently independent of 
the concentration of enzyme 
over the range investigated. 
(The reaction in Digest 1 
may not have been completed 
at the end of 46 hr., but 
the value at this time is 
only 0.6% lower than that 


of the other digests.) This experiment would indicate that about 61% of 
starch No. 1 was hydrolyzed by /3-amylase. 


Since this value is significantly lower than the ‘‘limit" of 64% reported 


by van Klinkenberg (10), experiments were carried out using starches solubil¬ 


ized by van Klinkenberg’s method (starch No. 2 and starch No. 3). For 


comparison, observations were also made on the hydrolysis of starch paste 
(prepared by Seating a suspension of raw potato starch at 100° C. for one 


hour). The course of the reaction was followed in duplicate digests. 
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Digests 5 to 10 

Total volume—200 ml.; pH, 4.8; enzyme—10 mg. of /3-amylase through¬ 
out. Digests 5 and 6—1.003% starch No. 2 (potato); Digests 7 and 8— 
1.002% starch No. 3 (maize); Digests 9 and 10—0.956% starch paste 
(potato). 

The results are given in Table II, the R.P. values, as before, being expressed 
as percentage theoretical maltose, the values being corrected for the small 
R.P. of the enzyme, but not for that of the different substrates. 

TABLE II 

Action of 0-amylase on different starch preparations 


Digest 

5 

6 

7 

8 

9 

10 

Substrate 

Starch No. 2 

Starch No. 3 

Starch paste 

Time, hr. 


R.P. as 

percentage theoretical maltose 


1 




50 0 


34 2 

2 

60 2 

60 6 

61 3 

59 3 

40 3 

39 1 

5 

— 

62 6 

— 

60 8 

— 

43 7 

9 

— 

63 3 

— 

61 6 

— 

46 7 

24 

63 3 

63 6 

62 5 

62 8 

50 9 

50 5 

48 

63 4 

63 6 

62 8 

62 9 

53 7 

53 5 

73 

63 4 

— 

62 8 

— 

54 7 

54 8 

92 

— 

— 

— 

— 

55 4 

55 6 


The observed saccharification limits for starch No. 2 (63.4 and 63.6%) 
agree well with the values reported by van Klinkenberg for soluble potato 
starch prepared by the same method, his values varying from 63.5 to 64.7%. 
The observed values for solubilized maize starch (Digests 7 and 8) are 62.8 
and 62.9%, which fall within the range of his values for preparations from 
wheat, buckwheat and arrow root starches (62 5-66.3%). The experiment, 
while confirming van Klinkenberg’s observations on soluble potato starch 
prepared by his method, shows that the saccharification limit depends upon 
the method of solubilization. 

There can be little doubt that the difference in the observed saccharification 
limits for the two soluble potato starch preparations is related to the con¬ 
siderable difference in their initial reducing power.* Thus the limits for 
starch No. 1 and starch No. 2 were 60.9% and 63.5%, respectively, and the 
initial reducing powers, 1.5% and 4.2% of the R.P. of maltose. Without 
information concerning the nature of the reducing substances accompanying 
the substrate and their fate during the digest, it is impossibje to make a 
correction tor their presence in estimating the extent of hydrolysis effected 
by the enzyme. For this reason, therefore, the saccharification limit fount} 
for starch No. 2 (63.5%) must be^regarded as being a less reliable estimate 
of the extent of the selective hydrolysis by j8-amylase than tjpe value found 

* Another factor that may enter ts the amount of leaching that occurs during the solubtlizaHon 
process and the nature of the leached material. 
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for starch No. 1 (60.9%). The latter value is probably slightly too high 
since, as will be seen later, about one-half of the initial R.P. of starch No. 1 
is due to the presence of glucose, and moreover it is probable that a trace of 
glucose is formed during hydrolysis. The actual increases in R.P. due to 
the action of the enzyme with starches Nos. 1 and 2 were respectively 59.4 
and 59.3% of the theoretical maltose. 

The use of starch paste, which would be desirable from many points of 
view, is attended by several disadvantages. Its hydrolysis is much slower as 
is shown by the data in Table II. This necessitates either extremely pro¬ 
longed reactions (with the attendant danger of glucose formation), or the 
addition of extremely large amounts of enzyme preparation. Moreover, its 
viscous nature makes quantitative manipulation difficult. 

2. Examination of Products of Amylase by the Yeast Methods 

Digest 11 

Total volume—200 ml., buffered at pH 4.8 (0.015 M acetate); enzyme— 
5 mg. /3-amylase; substrate—0.500% of starch No. 1. 

After 18.6 hr. the R.P. determined on 20 ml. by the h^acro-Copper method 
was equivalent to 63.5 mg. (60.3% theoretical). 

Samples (5 ml.) taken at 14 and 18 6 hr. were heated for five minutes in 
boiling water, and diluted to 100 ml., after bringing to pH 6.6 with N /100 
sodium hydroxide. These diluted solutions" were examined by the yeast 
methods. 

In addition to the two digest samples, a soluble starch solution was also 
examined, and the R.P. values have been calculated for a concentration cor¬ 
responding to that of the diluted digest samples (i.e., 0.025%). The results 
are given in Table III, R.P. values being expressed in ml. of JV/200 thio¬ 
sulphate per 2 ml. diluted digest (=0.025% starch). 


TABLE III 

Examination of the products by the yeast method 


— 

Total 

R.P. 

After 

M. 

krusei 

After 

M. 

tropicalts 

Removal 
by M. 
krusei 

Removal 
by M. 
tropicalis 

Sol. starch solution 

0 045 

0 02 

0 01 

0 025 

0 03 

Digest sample. 14 hr. 

1 17 

1 13 


0 04 

1 15 

Digest sample. 18 6 hr. 

1 24 

1 18 

K9 

0 06 

1 23 


The final total R.P. by the Micro-Copper method (1.24 ml. of N /200 thio¬ 
sulphate) corresponds to 0.32 mg. of maltose or 64 mg. per 20 ml. of undiluted 
digest. This is in good agreement with the value obtained by the Macro- 
Copper method (63.5 mg. per 20 ml.). 

It will be sees that in each case M. krusei removes a small amount of 
reducing material. The amount removed increases during the hydrolysis 
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although the increased amount removed by this yeast (0.035 ml. at 18.6 hr.) 
is so small as to be hardly significant. It suggests, however, that a trace of 
glucose is formed during hydrolysis. 

The residual R.P. after treatment with M. tropicalis does not rise during 
hydrolysis, the reducing materials produced by the action of the enzyme 
being removed quantitatively by this organism. The results of the yeast 
examination are thus in accord with the accepted view that the reducing 
power of digests of starch by /8-amylase is due almost exclusively to maltose. 
This was also confirmed by examinations of numerous digests by the osazone 
method; typical maltosazone was found exclusively in all cases, the osazone 
being identified by its crystalline form and its melting point after recrystal¬ 
lization. Moreover, in the preparation of maltose from such digests it has 
been observed that the properties of the first crop of crystalline sugar (which 
is obtained in large yield) do not differ appreciably from those of the product 
obtained after being recrystallized four times. 

In order to determine whether reducing substances that are not removed 
by M. tropicalis (i.e., reducing substances other than maltose or glucose) are 
produced as intermediary degradation products, the early stages of a digest 
of starch No. 1 by /3-amylase was examined by the yeast methods. Samples 
were taken 3, 10, 30, 60 and 120 min. after zero time, and in addition a control 
digest with killed enzyme was analyzed. The results showed that from the 
beginning the reducing material produced by the action of the enzyme is 
quantitatively removed by M. tropicalis. 

The Yield of Erythrogranulose 

In the preparation of one batch of erythrogranulose an attempt was made 
to determine the yield. 

Digest 12 

Total volume—2500 ml.; pH, 4.8; substrate—5.96% starch No. 1; 
enzyme—100 mg. /3-amylase. 

After 5£ days at 35° C. the R.P. determined on 2-ml. samples was 60.5% 
of the theoretical maltose. At this time the enzyme was destroyed by.heat- 
ing the digest rapidly to boiling. On cooling, the erythrogranulose was 
precipitated by adding three litres of 98% alcohol (final concentration 52%). 
The precipitate was allowed to stand overnight, the supernatant liquor drawn 
off, and the precipitate filtered on a Buchner (hardened paper). The resultant 
cake was broken up in one litre of 70% alcohol and allowed to stand over¬ 
night, after which it was again collected on the filter, and washed with one 
litre of 70% alcohol (in several portions), one litre of 80%, one litre of 95% 
and one litre of absolute alcohol. (The vessels were washed with^boiling water 
and the solution so obtained was precipitated with 60% alcohol. This gave 
a further small amount of erythrogranulose, which was combined with the 
main fraction prior to washing.) The material was transferred to a weighed 
dish and dried, first at 80° C. for 18 hr., and then for four daj$ in vacuo over 
phosphorus pentoxide. The moisture content was then determined. The 
yield of dry material was 56.6 gm. 
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The digest contained 149.0 gm. of dry starch. The yield of erythrogranu- 
lose (56.6 gm.) thus corresponds to 38.0% of the original substrate. Assuming 
that maltose and erythrogranulose were the sole products of the digest, the 
yield calculated from the observed R.P. of the digest is 58.8 gm. or 39.5% 
of the original substrate. In view of the difficulties in the quantitative 
handling of the material, the difference between calculated and observed 
yields is hardly significant. Small losses unavoidably occurred at various 
stages of the procedure.* 

This experiment, in conjunction with the foregoing results, thus gives 
grounds for the statement that the products of /3-amylase action on starch 
are almost exclusively maltose and erythrogranulose, the latter being an 
unhydrolyzed residue which is precipitated by alcohol of about 50% con¬ 
centration. 

Section II. The Action of cc-Malt Amylase 
/. The Action of a-Amylase on Soluble Starch 

The change in reducing power was followed in two series of digests by 
a-amyfase in which starches Nos. 1 and 2 were used as substrate. The 
enzyme concentration was varied in each series. 

Digests 13-15 

Total volume—200 ml.; pH, 5.4; starch No. 1—0.985%; enzyme—5,10 
and 25 mg. of a-amylase in Digests 13, 14 and 15, respectively. 



Fio. 1. Digests 13-18. a-Malt amylase acting on 1% soluble starch (pH 5 4, 35 0 C.). 
Digests 13 and 16 —5 mg. of enzyme; 14 and 17—10 mg. of enzyme; 15 and 18—25 mg. of enzyme. 

* After the erythrogranulose had been filtered off, the alcoholic mother liquor (52% alcohol) still 
contained a trace of dissolved material which gave a rose-pink iodine colqr, as was determined by 
evaporating 180 ml. to dryness and redissolving the residue in 10 ml. of water. This material 
was »ti; thrown out by increasing the alcohol concentration to 85%, although a faint turbidity 
developed. 
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Digests 16-18 

Total volume—200 ml.; pH, 5.4; starch No. 2—1.022%; enzyme—S, 
10 and 25 mg. of a-amylase in Digests 16, 17 and 18, respectively. 

R.P. values, determined on 20-ml. samples, were calculated as percentages 
of the theoretical maltose for complete conversion. As before, no corrections 
were made for the R.P. of the substrates, and the R.P. of the a-amylase 
preparation was negligibly small. Progress curves, plotted from the data, 
are shown in Fig. 1. 

The following points are clear: 

1. For both substrates (soluble starches Nos. 1 and 2) the degree of hydro¬ 
lysis is greater with higher enzyme concentration. 

2. For a given concentration of enzyme, although the progress curves for 
the two substrates lie close together initially, they diverge considerably later 
in the reaction, starch No. 1 being finally hydrolyzed to a greater extent than 
starch No. 2. This divergence is less marked with higher enzyme con¬ 
centration. 

The first of these features, namely the dependence of the final degree of 
hydrolysis upon the concentration of a-amylase, is very noticeable in the 
data reported by van Klinkenberg (12), particularly if the whole of the 
time/progress data from his Tables VI to X be plotted (12, p. 180). In 
fact, his final reducing values (and there seems little doubt that the reaction 
had virtually ceased in all cases by the time the final determination was made) 
vary from about 14 to 43% of the theoretical R.P. for complete transform¬ 
ation into maltose when the amount of enzyme was varied from 1.66 to 
33.3 mg. per 200 ml. digest. The form of these progress curves shows that 
little reaction occurred in any of the digests after the first 6-10 hr. This fact 
suggests that the enzyme becomes rapidly inactivated or inhibited in starch 
digests under van Klinkenberg’s conditions (T = 40° C., buffered at pH 5.75 
with N /40 citrate), a supposition that would explain the widely different 
apparent limits of saccharification with different enzyme concentrations. It 
is clear that the same factor is operative under the conditions of Digests 
13-18, thus accounting for the different saccharification limits observed with 
different amounts of enzyme, although under the conditions of these digests 
(T = 35° C.; pH—5.4; buffered with 0.016 N acetate) the enzyme remains 
active much longer, there being a rise in R.P. in all cases after 24 hr. 

In spite of this factor, which seriously complicates the interpretation of 
progress curves for low enzyme concentrations (inore especially those of van 
Klinkenberg), the present experiments suggest that after th§ rapid pro¬ 
duction of reducing material equivalent in R.P. to 34-37% of the theoretical 
maltose, there follows a much slower rise in R.P. This seems clear from the 
fact that digests with 10 and 25 mg. of a-amylase, with both substrates, 
show noticeable inflections in this region, the inflections occu|jrrog when the 
enzyme is still active. 



196 


CANADIAN JOURNAL OP RESEARCH. VOL. 13. SBC. B. 


The results are thus in agreement with those of van Klinkenberg in regard 
to the general form and characteristics of the progress curves of digests of 
starch by a-amylase. 

Partial Flocculation and Disappearance of Iodine Color 

Two further features that have been found to characterize the action of 
a-amylase on both starch and erythrogranulose are (1) a partial flocculation 
of the substrate which occurs early in the reaction and (2) the disappearance 
of the iodine coloration. In Digests 13-18 the times at which flocculation 
occurred varied from 25-60 min. and the times for the disappearance of the 
iodine color varied from 60-190 min., both effects being earlier with higher 
enzyme concentrations. 

The onset of flocculation is marked by a sudden change in the appearance 
of the digest; loose, flocculent aggregates are formed which rapidly settle out, 
leaving the digest almost water clear, the whole process being completed 
within a few minutes of its onset. The effect is strictly reproducible; in 
digests of similar composition the times at which flocculation occurs are con¬ 
sistently the same. In the cases investigated, the dry weight of the pre¬ 
cipitated material varies from 3-5% of the total substrate when soluble 
starch is used, and from 5-9% when erythrogranulose is used, the values 
depending on the particular starch preparations. It would appear that the 
flocculation is due to the hydrolytic degradation of a supporting colloid which 
normally retains this fraction in a stable suspension. Since no flocculation 
occurs during the selective hydrolysis of the /3-starch fraction of soluble 
starch by /3-amylase, it is probable that the material that flocculates is as¬ 
sociated with the erythrogranulose fraction of starch, a supposition that is 
supported by the larger yield of flocculum from the latter.* 

The phenomenon of partial flocculation provides an additional distinguish¬ 
ing peculiarity of the action of a-amylase as opposed to /3-amylase. 

The Effects of Heating Solutions of a-Amylase 

van Klinkenberg reports an "activation” of his a-amylase preparation 
when it is heated for a second time at 70° C. (the enzyme having been 
previously held at this temperature during its preparation). The effect is 
peculiar in that the data reported by van Klinkenberg for two progress curves 
suggest that the heating did not appreciably alter the rate of the reaction 
until it was in its later stages. In other words, the activation became evident 
primarily as an increase in the saccharification limit. Several attempts to 
reproduce this effect with the author’s preparation have failed. In all cases 
the effect of the second heat treatment has been to decrease the activity of 
the enzyme as judged by both initial velocity and final degree of saccharifi¬ 
cation. The results of a typical experiment to illustrate this effect are given 
below. 

*This aspect of the action of a-amylase will be discussed in more detail in a subsequent com¬ 
munications. 
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A solution of a-amylase, 100 mg. in 100 ml., was prepared. A portion of 
it was left unheated (Control); the remainder was heated for 14 min. at 70° C. 
(Heated). 

Digests 19-22 

Total volume—200 ml.; pH, 5.4; substrate—1.044% of starch No. 2, 
throughout. Enzyme—Digests 20 and 22—10 and 20 mg. Control enzyme, 
respectively; Digests 21 and 23—10 and 20 mg. Heated enzyme. 

The observations on these digests are shown in Table IV. 

TABLE IV 


The effect of heating o-amylase 


Digest 

a-Amylase 

R.P. as percentage theoretical maltose 

1 hr. 

3 hr. 

7 hr. 

24 hr. 

48 hr. 

72 hr. 

19 

10 mg. Control 

mm 

23 0 

33 6 

38 7 

39 9 

39 8 

20 

| 10 mg. Heated 

warn 

11 5 

19 4 

31 1 

34 0 

34.3 

21 

20 mg. Control 

17 2 

32 8 

38 6 

43 3 

44 7 

44.7 

22 

20 mg. Heated 

9 0 

18 5 

30 0 

38 4 

40.4 

40.6 


With both enzyme concentrations, it is clear that a partial inactivation of 
the a-amylase has resulted from the heat treatment, both the initial velocity 
and the final saccharification value being decreased. In this particular respect, 
therefore, the properties of the author's preparation appear different from 
those of van Klinkenberg’s. 

Section III. The Hydrolysis of Erythrogranulose 

Erythrogranulose, the non-reducing residue that is left after the completed 
action of /8-amylase on soluble starch, is not attacked by this enzyme after 
its isolation. Prolonged treatment with large amounts of /3-amylase results 
in the appearance of mere traces of reducing material and the iodine color 
remains unchanged (c/. Digest 34, p. 204). It is readily attacked by a-amylase 
with the production of reducing material; a partial flocculation occurs early 
in the reaction, and the iodine coloration undergoes a sequence of changes 
from blue-violet, through mauve, rose, and pale brown, leading finally to 
complete absence of coloration. 

According to van Klinkenberg’s hypothesis, the action of a-amylase on 
soluble starch is interpreted as consisting initially of the complete hydrolysis 
of erythrogranulose to maltose, with no appreciable hydrolysis of the /8-starch 
fraction. The hypothesis implies, therefore, (1) that erythrogranulose is com¬ 
pletely transformed into maltose by a-amylase, and (2) that the a-amylase 
exerts a selective action on the erythrogranulose fraction starch. The 
experiments that will be described in the first three parts of this section com¬ 
bine to show that both of these assumptions are untenable. 
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I. The Saccharification Limit of a*Amylase Acting on Erythrogranulose 
The progress of reducing power in a large number of digests of erythro¬ 
granulose by a-amylase has been followed. The records of a typical aeries 
of digests will be considered. 

Digests 23, 24 and 25 

Enzyme; 5, 10 and 25 mg. a-amylase, respectively; total volume—200 
ml.; substrate—1.00% erythrogranulose; pH, 5.4, throughout. 



Fig. 2. Digests 23, 24, 25 and 29. a-Malt amylase acting on erythrogranulose (pH 5 4, 
35° C.). Digests 23, 24, 25 with 5, 10 and 25 mg. of enzyme, respectively, and 1% of substrate; 
Digest 29 with 40 mg. of enzyme and 0 36% of substrate. 

Progress curves are shown in Fig. 2, the R.P. values being expressed as 
percentages of the theoretical maltose (211 mg. per 20 ml.). In Digests 23, 
24 and 25, partial flocculation occurred after 80, 57 and 34 min., respectively, 
and the iodine coloration disappeared after 260, 190 and 150 min., respect¬ 
ively. 

It will be seen that, as in the action of a-amylase on soluble starch, there 
is no sharp saccharification limit, the final values of R.P. being somewhat 
greater with increasing enzyme concentration. For comparison, the progress 
curve of Digest 29 (page 199) has been plotted in Fig. 2; in this digest the 
concentration of erythrogranulose was reduced to 0.36%, while the amount 
of enzyme was increased to 40 mg., the enzyme/substrate ratio thus being 
increased fivefold as compared with Digest 25. It will be seen that the final 
degree of saccharification in Digest 29 (40.0% R.P. of theoretical maltose) 
is only slightly greater than that for Digest 25 (37.6%). 

It l* clear from this experiment that a-amylase does not effect the quanti¬ 
tative conversion of erythrogranulose into maltose; the-R.P. of the products 
corresponds to only a little more than one-third of the R.P. of the theoretical 
amount <*f maltose. 
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2. Comparison of the Action of a-Amylase on 1.00% Soluble Starch and 0.36% 
Erythrogranulose 

Observations were made on parallel digests of 1.00% of starch No. 2 and 
0.36% of erythrogranulose, for two concentrations of a-amylase. The digests 
of starch can be regarded as containing 0.36% of erythrogranulose plus 
0.64% of /3-starch*, whereas the digests of erythrogranulose contain 0.36% 
of erythrogranulose and no /3-starch. If, as is postulated by van Klinkenberg, 
a-amylase acts selectively on erythrogranulose it would be expected that 
similar amounts of reducing material would be formed from the two sub- 
strates.f 

Digests 26-29 

Total volume—200 ml.; pH, 5.4, throughout. Digests 26 and 27— 
1.00% of starch No. 2; 10 mg. and 40 mg. a-amylase, respectively. Digests 
28 and 29—0.36% of erythrogranulose; 10 mg. and 40 mg. a-amylase, 
respectively. 

The observations are recorded in Table V. The R.P. values have been 
expressed both in absolute values (as mg. of maltose per 20 ml.) and as per¬ 
centages of the theoretical maltose (211 mg. per 20 ml. for the starch digests, 
and 76 mg. per 20 ml. for erythrogranulose). 

TABLE V 

Action of o-amylase on starch and erythrogranulose 


Digest 

26 

27 

28 

29 

a-Amylase 

10 mg. 

40 mg. 

10 mg. 

40 mg. 

Substrate 

1 00% Starch No. 2 

| 0.36% Erythrogranulose 

Hr. 

R.P. as mg. maltose per 20 ml. and as percentage theoretical maltose 

0 25 

9.6mg. 4 5% 

19.7 mg. 9.3% 

3.0mg. 3.9% 

7.1 mg. 9.3% 

0 6 

14.8 7.0 

32 4 17.4 

5.7 7.5 

12 J IS. 9 

1 3 

23.6 11.2 

52 9 25 1 

98 12.9 

15.7 20.7 

2.25 

34.5 16 3 

66.9 31 7 

13.1 17.2 

17.8 23.4 

4 0 

50.2 23.8 

75 4 35.7 

15.9 21.0 

19.7 25.9 

8.0 

67.5 32.0 

82 6 39 1 

18.1 23.8 

21.5 28.3 

24 0 

79 0 37.4 

92.8 44.0 

20.9 27.5 

24 1 31.8 

48 0 

83.5 39 6 

104 0 49.3 

22 5 29.6 

26.7 35.2 

193.0 

Flocculation 

88.9 42.1 

125.2 59.4 

24 3 32.0 

30.4 40.0 

ttme, # min. 
Disappearance 
iodine color 

47 

31 

50 

32 

JvUiMV 

(approx.), min. 

165 

145 

175 

145 

to 


*Tke author has adopted van Klinkenberg's estimate of the proportions of the two components 
for the purposes of this experiment. It is in close agreement with the author's values for this 
particular preparation (see page 190). 

f The slew transformation of 3-starch into erythrogranulose which is postulated to van Klinhen- 
berg need not be considered in the present argument, since according to his hypomesis this would 
not be appreciable until after the R.P. (if starch digests has attained a value of about 36% theoretical 
maltose. (See also page 202). 
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The degree of hydrolysis of the two substrates (as judged by the R.P. 
expressed as percentage theoretical maltose) is approximately the same during 
the early part of the reaction in digests with equal enzyme concentration. 
(Compare values for Digests 26 and 28, and Digests 27 and 29.) Subsequently 
the degree of hydrolysis of starch is greater than that of erythrogranulose. 
This militates against the view that the initial action of the enzyme on starch 
is a selective hydrolysis of erythrogranulose. 

In Fig. 3 are plotted the absolute values of R.P. (expressed as mg. of 
maltose per 20 ml.). It will be seen that from the beginning of the reaction 
the absolute R.P. of the digests of starch greatly exceeds that of the cor¬ 
responding digests of erythrogranulose. It is clear, therefore, that a large 



Fig. 3. Comparison of the action of a-malt amylase on 1% soluble starch and 0 36% 
erythrogranulose. Digests 26 and 27—1 00% of starch No. 2, with 10 mg. and 40 mg. of enzyme, 
respectively; Digests 28 and 29 — 0.36% erythrogranulose, with 10 mg. and 40 mg. of enzyme, 
respectively. 

part of the reducing material in the starch digests arises from the hydrolysis 
of the j8-starch fraction, since all the digests contain the same concentration 
of erythrogranulose. 

The forms of the progress curves of the starch digests are typical of those 
that have been discussed earlier; Digest 27, with high enzyme concentration, 
exhibits the feature that has been emphasized by van Klinkenberg (and which 
is the foundation for his view regarding the selective action of a-amylase on 
erythrogranulose), namely, a well defined inflection when the R.P. has reached 
a value corresponding to about 36% theoretical maltose (73.9 mg. of maltose); 
Digest 26, as is typical with low enzyme concentration, shows no noticeable 
inflection, but hydrolysis after this value is reached is extremely slow. The 
times required for the R.P. to reach this level (s=73.9 mg. of maltose per 
20 ml.) iDigests 27 and 26 were 3.4 and 12 hr., respectively. At these 
times the R,P. of the corresponding digests of erythrogranulose were equiva¬ 
lent to 0tt|y 19.1 and 19.0 mg. of maltose per 20 ml. respectively (Digest 29 
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at 3.4 hr.; Digest 28 at 12 hr.). From this it follows that when the R.P. 
of starch digests by a-amylase reaches a value corresponding to 36% of the 
theoretical maltose only a small fraction (about one-quarter) of the R.P. is 
due to products of erythrogranulose breakdown, the bulk of it (about three- 
quarters) being due to products of the action of a-amylase on the /3-starch 
fraction; it would appear, from the experiment, moreover, that the proportion 
is (within wide limits) independent of the enzyme concentration. There 
remain, therefore, no grounds for believing that a-amylase exerts a selective 
hydrolytic action on erythrogranulose. Reducing material is also produced 
by the hydrolysis of the /3-starch fraction, although it is to be noted that this 
fraction is not quantitatively transformed into maltose, as occurs under the 
action of /8-amylase. 

At this point a possible objection to the nature of the experiment described 
above should be considered. The view might be advanced that the erythro¬ 
granulose substrate as used in these digests may be more resistant to hydrolysis 
by a-amylase than erythrogranulose, as it occurs normally as a constituent of 
starch, having possibly become altered in the course of its isolation. Several 
facts, however, stand opposed to this supposition. In the first place, experi¬ 
ments have been carried out on the hydrolysis of erythrogranulose without 
isolating it from the original starch digest in which (by allowing /3-amylase 
to act to completion) it was freed from /8-starch. Portions of such completed 
/8-amylase digests, containing erythrogranulose and maltose, have been used 
as a source of erythrogranulose substrate for a-amylase digests; in some cases 
the /8-amylase of the original digest was destroyed by heating to 70° C. for 
half an hour, in others it remained active. We thus studied the action of 
a-amylase alone, and the joint action of a- and /3-amylases on erythro¬ 
granulose that had not been subjected to the conditions of the isolation 
procedure. The rates of hydrolysis and the final degrees of saccharification 
in such digests were the same as in digests of “isolated” erythrogranulose 
under the same conditions. It became clear, therefore, that the precipita¬ 
tions with alcohol and the subsequent dehydration with alcohol and ether 
do not cause any appreciable change in erythrogranulose. Other consider¬ 
ations suggest that the hydrolysis of isolated erythrogranulose proceeds at 
approximately the same rate as that of erythrogranulose present in its natural 
association with /8-starch. In Table V (bottom) it will be seen that the 
times at which partial flocculation occurred were approximately the same in 
each, pair of digests with the same enzyme concentration. As has been 
mentioned above (p. 196), this partial flocculation is a phenomenon associated 
with the degradation of erythrogranulose by a-amylase; accordingly the close 
synchronization of this event in digests of isolated erythrogranulose and 
erythrogranulose present as a starch constituent would appear to constitute 
good evidence that erythrogranulose is degraded at similar rates in these 
different states. 


3. Examination by the Yeast Methods of Digests by a-AmylaM 
Observations on two digests, '6f soluble starch and erythrogranulose, re¬ 
spectively, will first be considered. 
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Digests 30 and 31 

Total volume—200 ml.; pH, 5.4; 10 mg. a-amylase. Substrates— 
Digest 30—0.500% starch No. 1; Digest 31—0.500% erythrogranulose. 

After 18.7 hr. the reductions determined by the Macro-Copper method on 
20-ml. samples were equivalent to 44.9 mg. maltose (Digest 30) and 33.1 mg. 
(Digest 31), corresponding to 42.6 and 31.4% of theoretical maltose for 
starch and erythrogranulose, respectively. At this time 5-ml. samples of the 
digests were heated at 100° C. for five minutes and diluted to 100 ml. for 
examination by the yeast methods. In addition, solutions of the substrates 
were analyzed; the erythrogranulose at the concentration of the diluted 
sample showed no reducing power, while the starch solution showed a low 
reducing power, which, calculated to an equivalent concentration, will be 
used to correct the results for the sample of Digest 31. The results were as 
shown in Table VI. 

TABLE VI 

Results of examination by the yeast method 


R.P. (in ml. l A r /200 thiosulphate per 2 ml. 
digest diluted 20 times) 




Total 

After 

After M. 



R.P. 

M, krusei 

tropicalis 

Digest 30 

Digest of 0 5% starch 

0 5% Starch before hydrolysis 

mm 

0 69 

0 11 

Wwm 

0 03 

0 02 


Products of hydrolysis of 0 5% starch 

0 73 

0 66 

0 09 

Digest 31 

Digest of 0 5% erythrogranulose 

0 55 

0 48 

0 20 


These observations show clearly that the products of the action of a-amylase 
do not consist exclusively of maltose, whether the enzyme acts on starch or 
on erythrogranulose. In addition to a small amount of glucose (indicated 
by the slight but significant removal by M. krusei ) a fraction of the R.P. is 
not removed by M. tropicalis. This non-removable, and therefore non¬ 
maltose fraction accounts for 12% of the R.P. in the starch digest and 36% 
in the erythrogranulose. 

These values suggest that the non-removable reducing material is formed 
exclusively from the erythrogranulose fraction of starch. It was shown in 
Section I that starch No. 1 contains 60% of /3-starch and 40% of erythro¬ 
granulose. The reducing substances in Digest 30 may therefore be considered 
to have arisen from the hydrolysis of 0.3% of /3-starch and 0.2% of erythro¬ 
granulose. The non-removable reducing fraction of this digest had an R.P. 
ofO.09 cc. N/200 thiosulphate (per 2 ml. of diluted digest). From the results 
of Digest 31 (0.5% of erythrogranulose) we would expect the R.P. of 
non-removable reducing products from 0.2% of erythrogranulose to be 
0.4X .2O=»0,O8 cc. JV/200 thiosulphate (per 2 ml. of diluted digest). It 
would appear, therefore, that the non-removable reducing fraction arises only 
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from the breakdown of erythrogranulose by a-amylase, and that the reducing 
products of its action on /3-starch are entirely removed by M. tropicalis. 
This conclusion that different products arise from the two starch components 
is supported by the observations of other workers (5, 6, 8). It constitutes 
strong evidence against the transformation of /3-starch into erythrogranulose 
which is postulated by van Klinkenberg to explain the slow rise in R.P. 
observed in the later stages of starch digests by a-amylase. 

The appearance of the non-removable reducing fraction was followed during 
the early stages of a digest of erythrogranulose. 

Digest 32 

Composition similar in all respects to Digest 31. 

Samples (5 ml.) were withdrawn at intervals, heated five minutes at 100° C., 
and diluted to 50 ml. for examination. The substrate alone at similar dilution 
showed a negligibly small R.P. (0.02, 0.01 ml. N /200 thiosulphate per 2 ml.). 
The results are .given in Table VII, the R.P. being expressed in ml. 2V/200 
thiosulphate per 2 ml. of digest of 1/10 strength. The observations on 
Digest 31 are also included. 

TABLE VII 


Action of ck-amylase on erythrogranulose, followed by yeast removal method 


Time 

R.P. in ml. N/200 thiosulphate per 2 ml. 

Digest (1/10 strength) 

Total 

R.P. 

After 

M. krusei 

After 

M. tropicalis 

Removed by 
M. tropicalis 

10 min. 

fTiM 

_ 

0 10 

0 00 

30 min. 


— 

0 17 


1 hr. 


— 

0 20 

0 15 

2 hr. 

0 71 

0 69 

0 24 


18 7 hr. (Digest 31) 

1 10 

0 96 

0 40 



These data have been plotted in Fig. 4, from which it will be seen that 
early in the reaction the non-removable fraction preponderates, there being 



Fia. 4. Action of a-malt amylase <fn‘ erythrogranulose. Progress curves based on the yeast, 
removal method. 
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an initial lag in the appearance of removable reducing material. After 1.3 
hr. the R.P. of the two fractions sire equal, after which the R.P. of removable 
reducing material predominates. It can be concluded, therefore, that maltose 
is not produced in the first stage of the hydrolysis of erythrogranulose, since 
the earliest detectable reducing material is not removed by M. tropicalis. 
By the end of half an hour, however, maltose is present in measurable con¬ 
centration, after which it increases rapidly. It would appear that glucose is 
not formed in significant amounts until after three hours. 

One point in connection with the non-removable reducing fraction of the 
products of a-amylase action on starch and erythrogranulose deserves men¬ 
tion here. In view of statements by previous workers that the presence of 
dextrins decreases the rate of fermentation of maltose by yeast, it was con¬ 
ceivable that under the standard yeast removal conditions (see p. 187) a 
complete removal of maltose was not being achieved. Accordingly, samples 
of several digests were subjected to more rigorous removal treatments; in 
some cases, the time of inoculation with M. tropicalis was prolonged to one 
hour; in others, samples were subjected to successive incubations with two 
(and in one case, three) fresh batches of yeast. In no case was there an 
Increase in the removal by the yeast, the values for the residual R.P. being 
the same within the experimental error as those obtained using the standard 
Harding and Nicholson conditions. 

4. The Joint Action of a- and (J-Amylases on Erythrogranulose 

Observations by van Klinkenberg (11, p. 266) showed clearly that (3-amylase 
is able to hydrolyze certain of the products of degradation of erythrogranulose 
by a-amylase. This phenomenon (which is difficult to reconcile with his view 
that erythrogranulose is transformed into 100%.maltose by a-amylase) has 
been studied in order to determine at what stage in the breakdown, material 
hydrolyzable by /3-amylase appears. Accordingly digests of erythrogranulose 
with a-amylase alone, j8-amylase alone and with the two enzymes together 
were followed. 

Digests 34-36 

Total volume—200ml.; pH, 5.4; 0.500% of erythrogranulose, through¬ 
out. Enzyme: Digest 34—6 mg. /3-amylase; Digest 35—10 mg. a-amylase; 
Digest 36—6 mg. /3- -f- 10 mg. a-amylase. 

The observations are shown in Table VIII. The R.P. values, corrected 
for the slight R.P. of the |8-amylase preparation in Digests 34 and 36 are 
expressed as mg. maltose per 10 ml. 

Progress curves for these digests are shown in Fig. 5. 

Digest 34 Ulastrates the typical failure of /3-amylase to produce more than 
a mere trace of reducing material from erythrogranulose. There was no 
change in iodine coloration, nor did flocculation occur. 

Digest 35 shows the usual increase in R.P. during the breakdown of ery- 
throgranulose, the^value attained at 26 hr. corresponding to 33.6% of the 
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TABLE VIII 

Separate and joint action of a- and 0-amylases on erythrogranulosb 


Digest 

34 

35 

36 

Enzyme 

/5-Amylase 

a-Amylase 

a + 0-Amylase 

Time, hr. 

R.P. expressed as mg. maltose per 10 ml. 

0.5 

0.2 

3 7 

8.4 

1.17 

0 3 

7.7 

14.7 

2.17 

0.3 

10.6 

17.5 

4 42 

0.4 

13.0 

20.1 

7.42 

0.3 

14.1 

21.3 

20.4 

0.3 

16.5 

23 0 

26.0 

0 3 

16 8 

23.2 

Flocculation time, min. 

No flocculation 

50 

52 

Disappearance iodine color, min. 

No change 

120-130 

120-130 


etytkrogranulose. 



theoretical maltose. Flocculation occurred 50 min. after the beginning of 
thf reaction. The weight of the flocculum (determined on 50 ml. of the digest 
after shaking it) was 5.5% of the total substrate. , 

Digest 36 shows that from the earliest observed stages the presence of 
/3-amylase with a-amylase results in a considerably increased R.P., the final 
value being approximately 40% greater than that in Digest 35. Flocculation 
occurred 52 min. after the beginning of the reaction. The weight of flocculum 
was 5.2% of the original substrate. 

From this experiment it is cjear that, although /3-amylase has no appreci¬ 
able action on intact erythrogranulose, yet once hydrolysis by a-amylase has 
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begun, /3-amylase rapidly hydrolyzes certain of the degradation products. 
This secondary hydrolysis by /8-amylase does not appreciably alter the time 
at which flocculation occurs nor the weight of the flocculum; nor is the rate 
of disappearance of the iodine coloration changed. These phenomena would, 
therefore, appear to be conditioned only by the primary degradation by 
a-amylase. 

Discussion 

The experiments that have been described confirm in essential respects the 
observations of van Klinkenberg (10—13) concerning the action of a- and 
/8-malt amylase. Extension of the range of experiment, however, and the 
introduction of the yeast removal method for the fractionation of reducing 
products leads to a different interpretation of some of the observed effects, 
and consequently, to a considerably modified view of their bearing on the 
problem of starch constitution. 

The results with /8-amylase described in Section I are in accord with those 
of van Klinkenberg (and various earlier authors) in showing that this enzyme 
selectively hydrolyzes a portion of the starch substance, transforming it 
almost exclusively into maltose; the residual material (Wijsman’s erythro- 
granulose) is non-reducing and gives a blue or violet iodine coloration depend¬ 
ing on its concentration. It is convenient to designate as /3-starch that 
fraction of starch that is selectively hydrolyzed by /8-amylase (in accordance 
with van Klinkenberg’s nomenclature). ‘The relative proportions of these 
two fractions of starch, as determined by van Klinkenberg for a soluble 
potato starch prepared by a modified Lintner procedure, were 64 parts of 
/8-starch to 36 parts of erythrogranulose. The author has been able to con¬ 
firm these values, using a soluble starch prepared according to van Klinken¬ 
berg’s method, but has found, however, that starch solubilized by this method 
possesses considerable reducing power for which no adequate correction can 
be made in assessing the saccharification limit of /3-amylase. The author, 
therefore, is inclined to regard as more reliable, determinations made on a 
soluble potato starch, prepared according to Small’s (9) procedure, which had 
a considerably lower reducing power and at the same time gave a highly 
dispersed “solution”. The results with this substrate would indicate the 
presence of about 60-61% of /3-starch and 39-40% of erythrogranulose. 

With regard to the action of a-amylase, the author’s views diverge con¬ 
siderably from those of van Klinkenberg. The experiments described in 
Section II confirm the observation of van Klinkenberg that when a-amylase 
(in sufficient concentration) is allowed to act on soluble starch, the reducing 
power rises rapidly until it attains a value equivalent to 34-38% of the 
theoretical maltose for complete conversion, after which the reducing power 
continues to rise but at a considerably slower rate, van Klinkenberg 
interprets the initial rapid production of reducing material as being due to 
the selective and complete hydrolysis of erythrogranulose to maltose, and he 
suggests that the subsequent slow hydrolysis is due to a slow transformation of 
the residual /8-starch intoeiYthrogranulose, which is hydrolyzed as it is formed. 
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The experiments described in Section III appear to render this view 
untenable. These experiments show that a-amylase does not selectively 
hydrolyze the erythrogranulose fraction of starch, but that from the be¬ 
ginning of the reaction the greater part of reducing material arises from the 
hydrolysis of the /3-starch fraction. The evidence may be summarized briefly 
as follows: 

1. Several observations prove conclusively that erythrogranulose is not 
converted quantitatively into maltose by a-amylase: 

(o) After prolonged digestion with large amounts of the enzyme, the 
reducing power of the products corresponds to not more than about 40% of 
the theoretical maltose. 

(b) Approximately one-third of the reducing power of the products is due 
to material that is not removed by M. tropicalis, and is therefore not maltose 
(or glucose). This non-removable reducing material is also formed in digests 
of soluble starch in amounts that suggest that it arises exclusively from the 
hydrolysis of the erythrogranulose fraction. 

(c) Certain of the products of a-amylase action on erythrogranulose are 
rapidly hydrolyzed by /3-amylase and are therefore not maltose. 

(2) By comparing the rates of appearance of reducing material under 
similar conditions from 1.00% of starch and 0.36% of erythrogranulose, it 
was shown that the action of a-amylase on soluble starch is not a selective 
hydrolysis of the erythrogranulose fraction. The reducing power of the starch 
digests greatly exceeded that of the corresponding erythrogranulose digests 
from the beginning of the reaction (although the two substrates contained 
approximately the same amount of erythrogranulose). 

We are thus lead to abandon the hypothesis of van Klinkenberg, according 
to which starch is regarded as consisting of two components that are hydrolyzed 
specifically by the two malt amylases. There is no doubt that /3-amylase, 
in isolation, selectively hydrolyzes one fraction of starch (/3-starch), trans¬ 
forming it almost exclusively into maltose, and leaves art.unhydrolyzed 
residual fraction (erythrogranulose). It is equally clear, however, that 
a-amylase does not selectively hydrolyze the erythrogranulose fraction of 
starch, but that from the beginning of its action on soluble starch, reducing 
substances are produced from both the jS-starch and erythrogranulose 
fractions. 

In the simultaneous action of a- and /3-amylases on soluble starch we 
would picture the degradation as taking place in the following manner. 
From the beginning of the reaction the /3-starch fraction would be acted 
upon by both a- and /3-amylases; there is little doubt that the greater part 
of its hydrolysis would be effected by /3-amylase, since only this enzyme is 
able to bring about a quantitative conversion into maltose (see p. 194). The 
hydrolysis of the erythrogranulose portion of the substrate fffmld be initiated 
by a-amylase but the product^, of this primary breakdown would be then 
further hydrolyzed by /3-amylase. This question will be further considered 
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in a subsequent communication which will deal with the fractionation and 
characterization of the products of a-amylase. Finally* it should be pointed 
out that although it is possible to obtain a sharp fractionation of the starch 
substance by the action of /3-amylase, it cannot be held to be proved that the 
two fractions demonstrable by this means pre-exist as separate entities in 
starch* and the possibility must be recognized that they may represent frag¬ 
ments of a single molecule. 
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STUDIES ON THE SYSTEM 
CALCIUM-OXIDE-SULPHUR-DIOXIDE-WATER 
I. DETERMINATION OP VAPOR PRESSURES AND CONDUCTIVITIES 1 

By G. W. Gurd 2 , P. E. Gishler 3 and O. Maass 4 

Abstract 

The system calcium-oxide-sulphur-dioxide-water is to be investigated in 
order to determine the nature of existing equilibria, and the way in which these 
vary with concentration and temperature. In this paper a technique is described 
by means of which vapor pressures and conductivities have been measured over 
the temperature range 25° to 130° C. and over the concentration range 0 to 2 5% 
CaO and 0 to 6% S0 2 . The data obtained are systematized in tabular form. 


The system calcium-oxide-sulphur-dioxide-water is of considerable theore¬ 
tical interest. It has been assumed that calcium sulphite is first formed 
and that with subsequent addition of sulphur dioxide the calcium sulphite 
dissolves owing to the formation of calcium bisulphite. At the time when 
this investigation was first started there were no data available from which 
quantitative conclusions could be drawn regarding the existence of calcium 
bisulphite, and the nature of the equilibria in this three component system. 
Nothing was known regarding the magnitude of the hydrogen ion concen¬ 
tration at various temperatures and concentrations. 

Apart from the academic interest attached to the system calcium-oxide- 
sulphur-dioxide-water, a knowledge of the nature of the equilibria and espe¬ 
cially of the hydrogen ion concentration is of utmost importance in connection 
with the mechanism of the sulphite cooking of wood. As a start in the 
investigation, the system sulphur-dioxide-water has been thoroughly 
examined (1, 6 , 7), and the interesting conclusion was drawn that with rise 
in temperature the equilibrium S0 2 + H 2 0 ±=z H 2 SO 3 is shifted to the left, so 
that the apparent “strength” of sulphurous acid decreases with rise in tem¬ 
perature. 

Sulphurous acid of 4% concentration at 140° C. (the temperature at which 
the sulphite cook is carried out) has a hydrogen ion concentration of only 
0.002%. With the addition of calcium oxide this is still further reduced, 
but not nearly to the extent to which one might be led to believe by the 
unexpectedly low hydrogen ion concentration of sulphurous acid at that 
temperature. 

As a first step towards the determination of the exact relations obtaining 
in sulphite liquor, Gurd and Maass (5) in 1930 started with the measurement 
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of vapor pressures and conductivities. In 1933 Gishler and Maass repeated 
some of the measurements and completed the desired range of concentra¬ 
tions to obtain the necessary data. 

This paper deals with a description of the technique employed in the 
measurement of vapor pressures and conductivities of the system over the 
temperature range 25° to 130° C. and the concentration range 0 to 2.5% 
CaO and 0 to 6% SOj. The data obtained are systematized in tables so as 
to make it available in a useful form, because especially the vapor pressures 
are of interest to the pulp and paper industry. In a subsequent paper the 
conclusions drawn from these data and the calculation of the hydrogen ion 
concentration will be given. Further papers on precipitation temperatures of 
the system and the influence of the presence of lignin and cellulose will follow. 

Recently a paper was published (2) on the measurement of the vapor 
pressures of calcium-oxide-sulphur-dioxide-water solutions over the tempera¬ 
ture range 0° to 37° C. This range has been covered by Grieve and Maass (4), 
and the conductivities have been measured as well. A paper on this phase 
of the investigation will be published shortly. 

Experimental 

The technique that was devised for this work had for its object the bringing 
together of the desired amounts of pure calcium oxide, sulphur dioxide and 
water in such a way as to ensure the absence of oxygen, carbon dioxide and 
inert gases, and yet give an accurate measure of concentration. With this in 
view, the experiments were carried out in such a way that the concentration 
of the sulphur dioxide in the liquid phase could be accurately estimated. 
Furthermore, special attention was paid to ensure the establishment of true 
equilibrium in the liquid phase, since the system is of such a nature that there 
is grave danger of wrong results being obtained, owing to a lag in establishing 
uniform distribution throughout the liquid phase and a proper equilibrium 
between the solid and liquid, and liquid and vapor phases. 

The apparatus for the measurement of the vapor pressures and conductivities 
is shown in Fig. 1. A high-pressure cylinder containing sulphur dioxide free 
from sulphur trioxide was connected through a phosphorus pentoxide drying 
tube to four bulbs, B\, Bi, B», and B* in series. These bulbs served to further 
purify the sulphur dioxide. The volumes of the two measuring bulbs, Ei 
and Et, were accurately determined. They were connected by means of 
glass tubing of known volume to a two-armed mercury manometer, M. 
The bulbs were immersed in a water bath to prevent sudden fluctuations of 
temperature. A tiny bulb, D, bounded by stopcocks S 3 and S« served to 
condense the measured quantity of sulphur dioxide before it was introduced 
into the reaction cell. The gas-measuring system was connected to the 
reaction cell through a frozen mercury seal as shown in Fig. 1. 

The reaction cell, F, was made of 1 in. Pyrex tubing; and its volume was 
approximately 95 cc. The calcium oxide and water were introduced into the 
cell through two side arms near the top. 
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The reagents were stirred by means of an all glass magnetic stirrer. The 
upper end of the stirrer fitted loosely into the tubing leading from the reaction 
cell to the manometer. An iron core was sealed into the upper end of the 
stem. This was surrounded by a double solenoid, one part of.jyhich held 
the stirrer off the bottom; the other part was connected to a make-and- 
break device which governed the amount of stirring. 

Two “bay windows”, blown into the side of the cell, contained the platinum 
electrodes. Each electrode consisted essentially of a strip of in. platinum 
foil sealed into a } in. Pyrex tube. The protruding £ in. of platinum was 
securely sealed to the glass tube. The resistance of the solution was measured 
by means of the ordinary bridge hook-up containing a standard resistance 
and a Kohlrausch slidewire. The current was supplied by means of a Vreeland 
oscillator. The null point was determined with ear phones. 

Vapor pressures were measured by means of a large, constant-level, closed- 
end manometer, G, capable of measuring pressures as high as 100 lb. per sq. in. 
A calibrated wooden scale was firmly attached to the manometer support. 
The manometer tube was air jacketed to prevent sudden fluctuations in 
temperature. The temperatures of the mercury and of the air above it were 
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determined with a series of thermometers suspended at convenient points. 
The volume of the manometer tube per unit scale reading was accurately 
known throughout its entire length. The constant of the manometer was 
carefully determined. 

A well lagged capillary tube, L, wrapped with resistance wire, connected 
the reaction cell to the manometer. High-pressure measurements were made 
possible by building up an air pressure above the mercury in the manometer 
bulb by means of a bicycle pump. 

In order to obtain accurate vapor pressure data it was necessary to use 
calcium oxide free from calcium carbonate. This was prepared by grinding 
clear select crystals of Iceland spar into a fine powder and subjecting it to a 
temperature of 1000° C. for a week in the presence of a current of dry air 
free from carbon dioxide. The purity of the calcium oxide (absence of car¬ 
bonate) was tested by two methods, (i) Some calcium oxide was placed in 
a test tube containing pure water, hydrochloric acid was added and a stream 
of air was bubbled through the resulting solution into a clear solution of 
barium hydroxide, (ii) A small sample of calcium oxide was placed on a 
microscope slide and covered with a warm solution of gelatin. The slide was 
immediately chilled, causing the gelatin to jet. A drop of hydrochloric acid 
was placed on the gelatin and it was examined with a microscope. The 
hydrochloric acid diffused through the gelatin and if carbonate was present 
tiny bubbles of carbon dioxide were formed. 

After pure calcium oxide was obtained it was stored in a vacuum desiccator 
containing sodium hydroxide and phosphorus pentoxide. 

When a solution was to be prepared the cell was thoroughly cleaned and 
sealed to the system as shown in Fig. 1. One side arm of the cell was sealed. 
The other was sealed to a 500 cc. empty distilling flask (not shown in the 
diagram) which was subsequently to be used for removing dissolved gases 
from the water. The cell and flask were evacuated and then filled with dry 
air free from carbon dioxide. The side arm was broken and a weighed amount 
of calcium oxide introduced. The side arm was then sealed about an inch 
from the cell. The top stem of the distilling flask was broken and a weighed 
amount of water introduced. The stem was sealed and the water rapidly 
frozen by surrounding the flask with a freezing mixture of solid carbon dioxide 
in acetone. The flask and cell were then thoroughly evacuated and mercury 
was run part way up the mercury seal in order to isolate the cell system. 
The loss of water during evacuation was negligible, owing to the extremely 
low vapor pressure of ice at that temperature. 

In order to remove dissolved gases the freezing mixture was removed; as 
the ice melted, the dissolved gases passed into the space above the water. 
After the ice had melted, the flask was once more surrounded with the freezing 
mixture. Any water that had passed into the vapor phase was recondensed, 
whereas very little of the escaped “gases would redissolve at that low pressure. 
Time was allowed for the water to freeze before the gases were removed by 
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evacuation. Three repetitions removed all gases. The water was then dis¬ 
tilled into the reaction cell and the distilling flask sealed from the cell. 
The mercury seal served to isolate this part of the apparatus. 

The final step involved the purification, measurement and introduction of 
sulphur dioxide. The necessary apparatus was evacuated and flushed with 
sulphur dioxide. B\ was surrounded with a freezing mixture and the required 
amount of sulphur dioxide condensed from the storage cylinder. Distillation 
of the sulphur dioxide into 2? 2 , then into Bz and finally into JB 4 , with rejection 
of the top and bottom fractions, in each case, yielded the pure gas. 

The desired amount of sulphur dioxide was allowed to evaporate into the 
previously evacuated measuring bulbs, E x and E*. The mercury was brought 
to the fixed 2 cm. level in the right arm of the manometer M and the difference 
in mercury levels noted. The necessary temperature correction was made. 
The temperatures of the bulbs and connecting tubing were then read. The 
weight of sulphur dioxide could then be determined. The sulphur dioxide 
was condensed from the measuring system into the tiny bulb D by surrounding 
the latter with a freezing mixture. On opening D to the reaction cell and 
removing the freezing mixture, the gas passed into the reaction cell. Solution 
was facilitated by vigorous stirring. When solution was complete, mercury 
was run into the capillary of the mercury seal, where it was surrounded with 
solid carbon dioxide in acetone, thus serving as a pressure seal. Any sulphur 
dioxide remaining in the connecting tubing was condensed in 23, from whence 
it was allowed to expand into the measuring system to be measured. The 
small amount remaining in the tubing was calculated. 

Some experiments were carried on in which there was not sufficient sulphur 
dioxide to completely dissolve the calcium oxide present. Equilibrium under 
these circumstances was established slowly, especially at room temperature. 
The mixture was therefore stirred for approximately 48 hr. before conductivity 
and vapor pressure determinations were made. It was necessary to keep 
the lagged tubing between the cell and manometer at a temperature greater 
than that of the cell in order to prevent condensation of water vapor. The 
temperature of the cell was regulated to within 0.05° C. by immersing it in 
a bath of dibutyl phthalate containing the necessary stirrers and heaters. 
During an experiment, the level of the mercury in the side arm of the mano¬ 
meter was kept as close as possible to zero on the scale, L, by raising and 
lowering the large mercury bulb which was attached to a pulley device. 

When equilibrium had been established the mercury levels were noted and 
also the temperatures of the bath, the lagged tubing above the cell, and the 
jacketed space about the manometer tube. To obtain conductivity data 
the Vreeland oscillator was started, the resistance of the cell was roughly 
balanced against a standard resistance and the null point obtained on the 
Kohlrausch slidewire with the aid of ear phones. Vapor pressure and con¬ 
ductivity measurements were m^de at intervals of approximately 15° C. in 
the temperature range 25° to 130* C. 
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After an experiment, a further addition of approximately 1% of sulphur 
dioxide was made, and a second series of vapor pressure and conductivity 
measurements carried out. Successive additions and determinations were 
made until the concentration was approximately 6%. The cell system was 
then dismantled and the apparatus prepared for a set of similar experiments 
at a higher calcium oxide concentration. 

Calculations 

The procedure in purifying the components, in measuring the amount of 
each and in determining the vapor pressures and conductivities was long. 
A large number of calculations were required, as extreme care had to be 
exercised to make all the necessary corrections. An explanation of the 
different calculations is necessary. 

The calcium oxide and water were weighed directly and, in addition to the 
buoyancy correction, it was necessary to correct for the amount of water 
vapor remaining in the distillation bulb after it had been sealed from the 
reaction cell. In calculating the weight of sulphur dioxide introduced into 
the reaction cell, the molecular-weight—pressufe relation of Cooper and 
Maass (3) was used. The height of mercury in the manometer was converted 
to that at 0° C. The pressure of the sulphur dioxide remaining in the tubing 
connecting the gas-measuring system to the reaction cell was that of the vapor 
pressure of sulphur dioxide at the temperature of a freezing mixture of carbon 
dioxide in acetone. Since the temperature and volume of the tubing were 
known, the weight of sulphur dioxide could be determined and corrections 
made. These amounted to less than 0.001 gm. 

During an experiment there was always a known amount of sulphur dioxide 
in the vapor phase above the solution in the reaction cell. The volume of the 
vapor phase decreased with increase in temperature. This decrease could be 
calculated. The partial pressure of the sulphur dioxide could be determined 
for each temperature studied, and therefore the weight of sulphur dioxide in 
the vapor phase determined. The total weight of sulphur dioxide in the 
reaction cell was known, and therefore the weight in the liquid phase could 
be estimated. 

In order to obtain accurate vapor pressure values, the following precautions 
were necessary. The scale with which the height of mercury was read was 
carefully calibrated. A series of thermometers hung along the manometer 
gave the temperature of both the mercury and the air above the mercury. 
Thus the necessary zero scale correction could be calculated. The volume 
of the manometer tubing was accurately known throughout its entire length, 
thus making it possible to determine the volume of enclosed air for any position 
of the mercury meniscus. Before an experiment, the manometer constant 
was carefully determined. This was necessary for calculating the pressure 
due to the enclosed air. 

Before conductivity determinations could be made, the cell constant was 
evaluated by ijieans of N /10 and N/5Q potassium chloride. The lead resist- 
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ance was determined by filling the cell with mercury and balancing the 
resistance against that of a standard. Specific conductivities were cal¬ 
culated in the usual manner. 

From the foregoing it will be seen that the corrections necessary to give 
true concentrations in the liquid phase could be made. Special care was 
taken in determining the weight of sulphur dioxide added. The accuracy 
was 1 in 10,000, so that after six additions the concentration was known to 
better than 1 in 1000. 


Results 

Approximately 24 concentrations were studied and for each of these a 
series of readings was made at eight different temperatures. Before all the 
data could be correlated and condensed into Tables I and II, several hundred 
curves had to be drawn. 

On account of the space that would be required, it is impossible to include 
the data and graphs from which the tables of vapor pressures and conductivities 
were derived. The method used, however, is as follows. Starting with one 
concentration of calcium oxide and sulphur dioxide, a set of vapor pressures 
and conductivity values was obtained in the temperature range 25° to 130° C. 
As the procedure in determining the vapor pressures and conductivities was 
the same, only the former will be described. Vapor pressures were plotted 
against temperatures. A second experiment was performed using the same 
amount of calcium oxide but a higher sulphur dioxide concentration. Thus 
a second curve was obtained in which the vapor pressures were higher. In 
this manner a series of curves was obtained for a number of experiments in 
which the calcium oxide concentration was constant, but the sulphur dioxide 
concentration differed for each experiment. From the series of curves a set 
of isotherms at 25°, 50°, 70°, 90°, 110° and 130° C. was drawn in which vapor 
pressures were plotted against percentage sulphur dioxide. 

The foregoing procedure was applied to each of the four calcium oxide con¬ 
centrations studied. The next step involved the correlation. of these data, 
together with the addition of the data of Campbell and Maass (1). For one 
temperature (i.e., 25° C.) and one sulphur dioxide concentration (i.e., 1%), 
vapor pressures were plotted against per cent calcium oxide. The necessary 
values were taken from the five series of graphs described above. A curve was 
then plotted from the data obtained at a temperature of 25° C. and with a 
sulphur dioxide concentration of 2%. Similar curves were drawn for concen¬ 
trations of sulphur dioxide of 3, 4, 5 and 6%. This completed the data for the 
temperature 25° C. Similar sets of curves were drawn for temperatures of 50°, 
70°, 90°, 110° and 130 8 C. The results shown below were obtained from this 
final group of curves. 

Table I contains the vapor pressure values over the concentration and 
temperature ranges stated above. The conductivity vahjss contained in 
Table II include the same concentration range, but no values are given for 
temperatures higher than 90° C. There are two reasons for this: (i) Campbell's 
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data for 0% concentration were not complete at temperatures higher than 
90° C.; (ii) in the higher temperature range, precipitation of calcium sulphite 
takes place, and this is accompanied by a sudden change in the direction of 
the conductivity curve, making interpolation difficult. 

The data in Tables I and II provide a wide field for theoretical consideration. 
The most interesting study is that of the various equilibria existing in the 
system calcium-oxide-sulphur-dioxide-water. It is the intention of the 
authors to evaluate the various ionic concentrations. In a later paper a 
method of arriving at the hydrogen ion concentration will be presented. 

TABLE I 

Vapor pressures op the system calcium-oxide-sulphur-dioxide-water 


so,, 

% 

CaO , 

% 

Temperature , ° C . 

25 

| 50 

1 70 

1 90 ! 

| 110 

| 130 

Vapor pressure , cm . 

1 

0 0 

8.7 

25.8 

52.3 

95.8 

166.0 

275 

1 

0.5 

6.3 

17.2 

40.4 

71.5 

129.5 

235 

1 

1.0 

3.8 

11.9 

29.4 

57.2 

115.0 

212 

1 

1.5 

2.7 

9.2 

22.0 

52.2 

108.4 

203 

1 

2.0 

2.5 

9.0 

22 0 

52.0 

107.0 

202 

1 

2.5 

2.5 

8.8 

. 22.0 

51.6 

107.0 

202 

2 

0.0 

17.1 

43.9 

82.5 

142.3 

231.0 

353 

2 

0.5 

11.4 

29.8 

62.1 

100.8 

179.4 

303 

2 

1.0 

7.5 

19.1 

41.7 

75.7 

146.5 

263 

2 

1.5 

5.3 

12.5 

25.4 

63.0 

125.4 

240 

2 

2.0 

3.0 

9.0 

22.0 

56.2 

116.4 

220 

2 

2.5 

2.5 

9.0 

22.0 i 

52.4 

107.6 

210 

3 

0.0 

26.0 

63.8 

104.5 

190.0 

292.5 

431 

3 

0.5 

18.8 

47.0 

87.8 

140 0 

234.1 

375 

3 

1.0 

12.3 

41.6 

61.5 

106.4 

193.0 

325 

3 

1.5 

8.5 

20.3 

43.2 

86.8 

162.0 

295 

3 

2.0 

6.2 

13.2 

35.1 

74.3 

139.8 

275 

3 

2.5 

3.7 

11.1 

31.0 

66.4 

127.4 

256 

4 

0.0 

36 4 

85.2 

148.0 

236.5 

356 

518 

4 

0.5 

29.5 

68.2 

118.8 

189.8 

295 

462 

4 

1.0 

23.3 

51.9 

91.0 

151.8 

250.5 

409 

4 

1.5 

17.0 

36.4 

67.2 

123.4 

217.6 

372 

4 

2.0 

11.2 

22.0 

53.2 

102.2 

190.0 

340 

4 

2.5 

5.8 

13.2 

46.0 

88.1 

169.8 

314 

5 

0.0 

46.4 

106.7 

180.3 

282.7 

420 

610 

5 

0.5 

41.5 

91.6 

155.5 

244.5 

374 

560 

5 

1.0 

35.5 

75.6 

130.4 

210.3 

332 

516 

5 

1.5 

29.0 

57.2 

105.4 

180.0 

293 

467 

5 

2.0 

18.1 

36.6 

80,3 

152.0 

256 

420 

5 

2.5 

8.4 

18.3 

62.6 

130.5 

226 

377 

6 

0.0 

56.8 

127.6 

223.4 

329.6 

484 

709 

6 

0.5 

54.1 

117.3 

198.4 

302.1 

452 

675 

6 

1.0 

49.4 

102.4 

175.5 

275.0 

414 

635 

6 

1.5 

42.0 

79.2 

140.1 

242.4 

375 

580 

6 * 

2.0 

27.4 

JH.4 

110.0 

210.5 

331 

516 

6 

2.5 

12.5 

32. S 

85.8 

179.6 

290 

450 
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TABLE II 

Conductivities of the system calcium-oxide-sulphur-dioxide-water 




Temperature, °C. 

so,, 

% 

CaO, 

% 

25 | 

1 so 1 

1 70 | 

| 90 








Specific conductivity, ohms- 

t 

1 


0.0190 

0.0188 


•. ! 

1 


.0150 

.0137 

^9Rm^9 

^HRiTr£9iM 

1 

9 ‘ 

.0090 

.0057 

.0061 

.0054 

1 

1.5 

.0065 

.0070 

.0070 

.0090 

1 

2.0 


.0075 

0082 

.0095 

1 

2.5 


.0075 

.0082 

.0095 

2 

0.0 

9 

.0254 

.0240 

.0208 

2 

0.5 


.0264 

.0304 

.0351 

2 

1.0 

.0180 

.0260 

.0329 

.0390 

2 

1.5 

.0118 

.0216 

.0278 

.0346 

2 

2 

2.0 

2.5 


.0093 

.0108 

.0126 

3 

0.0 

' 

.0327 

.0286 

.0245 

3 

0.5 


.0335 

.0370 

.0421 

3 

1.0 

ia99tt)$2^9 

.0330 

.0423 

.0500 

3 

1 5 


.0300 

.0410 

0477 

3 

2.0 

.0195 

.0235 

.0300 

.0321 

3 

2.5 

.0180 

.0157 

— 

— 

4 

0.0 

BBT*' 

.0376 

.0330 

.0280 

4 

0.5 


.0380 

.0406 

.0443 

4 

1.0 

.0277 

.0380 

.0456 

.0530 

4 

1.5 

.0265 

.0377 

.0351 

.0523 

4 

2.0 

.0267 

.0367 

.0418 

.0455 

4 

2.5 

0284 

.0354 

.0327 

.0316 

5 

0.0 

0435 

.0415 

.0370 

.0310 

5 

0.5 

.0348 

.0398 

.0423 

.0450 

5 

1.0 

.0317 

.0400 

.0468 

.0535 

5 

1 5 

.0321 

.0420 

.0500 

.0553 

5 

2 0 

.0342 

.0457 

.0520 

.0532 

5 

2.5 

.0375 

.0510 

.0535 

.0497 

6 

0 0 

.0475 

.0455 

.0400 

" .0335 

6 

0.5 

.0372 

.0415 

.0432 

.0455 

6 

1 0 

.0342 

.0412 

.0474 

.0535 

6 

1.5 

.0352 

.0452 

.0528 

.0575 

6 

2.0 

.0381 

.0530 

.0598 

.0588 

6 

2.5 

.0424 

.0635 

.0677 

.0593 
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AN X-RAY METHOD FOR THE STUDY OF “BOUND WATER” 
IN HYDROPHILIC COLLOIDS AT LOW TEMPERATURES 1 

By W. H. Barnes* and W. F. Hampton* 

Abstract 

A new method for the study of hydrophilic colloids by -the application of 
X-ray methods of analysis to the frozen gels is described. The possibilities of 
the method and its limitations are shown by a qualitative study of the amount, 
and variation with temperature, of the so-called "bound” water in gelatin gels 
over the temperature range —3° to —50° C. 

Introduction 

The quantitative estimation of the relation between the amount of unfrozen, 
or so-called “bound”, water and temperature in systems of hydrophilic 
colloids in general, and gelatin in particular, has been the subject of a number 
of investigations. The most important procedures adopted for this purpose 
have been calorimetric, dilatometric, and analysis of the core of frozen 
specimens. The historical development of thesfe methods has been reviewed 
by Jones and Gortner (12). In the first two of these methods the amount of 
"bound” water is determined as the difference between the total quantity 
of water in the system and the experimentally measured quantity of “free” 
water; in the third it is obtained by direct analysis. "Bound” water obviously 
is defined by these procedures as the water that will not freeze at temperatures 
below 0° C.—a definition that is adhered to in the present paper. 

The necessity for caution in the interpretation of the results obtained with 
the calorimetric method has been pointed out recently on theoretical and 
experimental grounds (7, 8). It appears that total heat measurements of 
gelatin gels are complicated by the fact that not only may the relative amount 
of "bound” water vary with the temperature, but the relative intensity of 
the forces involved in the “binding” probably is not constant over a tem¬ 
perature range. Any such variation in the amount of “bound” water or in 
the intensity of “binding” might well be associated with a heat effect of 
unknown magnitude (11). 

The dilatometric method is comparatively simple, involves no complex 
calculations, and is readily adaptable to almost any kind of material. Further¬ 
more, it possesses the obvious advantage of being applicable to the study of 
the amount of frozen (“free”) water at different temperatures, without in¬ 
volving a change in the temperature of the sample during the time of each 
observation at a given temperature. It has, however, been pointed out to 
the writers by Dr. J. H. Mennie that there is a similar need for caution in 
considering the results obtained with this method. If the amount of “bound” 

1 Manuscript received Jam 15,1935. 

Contribution from tke Department of Chemistry, McGill University, Montreal, Quebec, 
Canada. 

* Assistant Professor of Chemistry, McGill University. 

• T. Sterry Hunt Fellow (,1934-35), Department of Chemistry, McGill University. 



BARNES AND HAMPTON: BOUND WATER IN HYDROPHILIC COLLOIDS 


219 


water or the intensity of “binding” varies with temperature, an uncertain 
variation in' the specific volume of the “bound" portion of the water may be 
introduced. 

Moran (14, 15, 16) has found that with slow freezing the “free” water 
separates as ice entirely on the surface of the gel. The relative amount of 
“bound” water, therefore, may be obtained by an analysis of the concen¬ 
tration of the core of the frozen specimen. He has employed this method 
for the estimation of the relative amounts of “bound” water in frozen gelatin 
gels over a temperature range, and for the study of the effects of different 
rates of freezing. It is the most direct of the three methods. 

The results obtained by Jones and Gortner (12) with a diiatometer 
indicate that the amount of “bound” water in gelatin gels is independent of 
temperature between about —6° and —50° C., if sufficient time is allowed 
for equilibrium to be established at the higher temperature, but varies with 
gel concentration. Moran found that the amount of "bound” water appar¬ 
ently is independent of temperature below —19° C., and does not vary with 
gel concentration, at least between the limits of about 12 to 44%. According 
to Briggs (5) the amount of “bound” water should depend on temperature 
but not on gel concentration. 

In view of these conflicting data it seemed desirable to develop an inde¬ 
pendent method for the study of the amount of “bound” water in frozen 
hydrophilic colloids, and particularly in gelatin gels, at different temperatures. 
The investigation reported in this paper was undertaken with a view to exam¬ 
ining the possibility of the application of the methods of X-ray analysis to 
this end. A large number of X-ray diffraction studies have been made of 
unstretched gelatin gels at ordinary temperatures, but apparently no previous 
attempt has been made to apply them to frozen gels. 

Briefly the procedure described in this paper consists in taking series of 

X-ray photographs of frozen gelatin gels of different concentrations at known 

temperatures by the monochromatic pin-hole method. The presence or 

absence in the resulting diagrams of diffraction effects due to-ice shows the 

presence or absence of “free" (frozen) water in the gel samples. The relative 

amount of “bound” water at any given temperature is then obtained from the 

known concentration of the most dilute gel whose X-ray diagram shows no 

evidence of the presence of ice, and from the known concentration of the 

most concentrated gel whose X-ray diagram does show the presence of ice. 

« 

Experimental 

X-ray Equipment 

The X-ray tube was of the Shearer type equipped with a copper target 
(X*, = 1 .54 A) and a window of nickel foil to remove the radiation. It 
was operated at about 45 to 50 kv. and 5 to 6 ma. from a Watson transformer. 

For preliminary photographs of gelatin gels at a single low temperature (3,6), 
the sample was placed on top of a cylindrical lead block pierced vertically 
with a 1 mm. pin hole for definition of the X-ray beam. The lead block was 



220 4 


CANADIAN JOURNAL OF RESEARCH. VOL. 13, SBC* B, 


packed in solid carbon dioxide during exposure of the sample to X-rays. 
The flat photographic film was supported above the sample and perpendicular 
to the X-ray beam on a brass cylinder whose axis coincided with that of 
the pin hole. Tests with a thermocouple showed that by this means a very 
steady temperature of about —50° C. was obtained at the gelatin sample. 

In order to study the effect of temperature, a new X-ray camera was 
designed (2). It is described in detail elsewhere (4). It is applicable to 
the examination of a large variety of materials when a single crystal spectro¬ 
graph is not required, and may be employed for photographs over a large 
temperature range. 

The essential features of this camera are as follows. The sample is held 
in position on a circular copper block around the circumference of which is 
soldered a copper tube through which a suitable liquid at any desired tem¬ 
perature may be circulated. The X-ray beam, defined by pin holes of any 
desired diameter, passes normally through a small hole in the copper block 
and thus through a small portion of the sample under investigation. The 
X-ray film or plate is held normal to the beam iq a specially designed plate 
holder, and suitable means are provided for obtaining various crystal-to-plate 
distances. The whole camera is vapor tight. For the present experiments 
the copper block, and hence the sample, was cooled by circulating acetone 
at adjustable low temperatures through the copper tube. The temperature 
of the sample was determined by means of a copper-constantan thermocouple, 
which was calibrated against a standard thermometer over the range 0° to 
—40° C., and at the sublimation point of carbon dioxide ( — 78 5° (\). The 
temperature of the sample as shown by the thermocouple was kept constant 
during an exposure by adjusting the temperature of the acetone in the cir¬ 
culating system. Eastman Dupli-Tized X-ray films were employed through¬ 
out this investigation, and it was found to be of definite advantage to back 
them with a Patterson intensifying screen. 

Gelatin 

Eastman “ash-free”, isoelectric gelatin (lot No. 48) was employed for all 
the present determinations. It was dried by storing small strips over phos¬ 
phorus pentoxide in a desiccator under vacuum for a period of seven months 
before use. During the subsequent period of about six months during which 
the X-ray photographs were taken, the strips were kept in the same desiccator 
and under the same conditions. As a control one of the strips was weighed 
periodically during this latter time and no loss in weight was observed. As 
a further check on the dryness of the samples two of them were heated for 
48 hr. to constant weight in a drying oven at 105° C. A negligible loss in 
weight, corresponding to less than 0.005 gm. Of water per gm. dry gelatin, 
occurred. 

Gels of different concentrations were prepared as follows. A weighed 
strip of dry gelatin was immersed in distilled water until the approximate 
concentration desired was obtained. Surface water was removed by blotting 
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the strip between pieces of dean filter paper and then waving the gel back 
and forth in the air for a few seconds. The sample was then weighed again 
and the amount of water per gram of dry gelatin was calculated. 

The gel was placed in position on the cooling block of the X-ray camera as 
rapidly as possible in order to minimize change of concentration due to 
evaporation of water. The camera was closed with the previously loaded 
plate holder, and the temperature of the sample was reduced rapidly to about 
—60° C. and kept at that point for five or ten minutes. The temperature 
of the gel was then raised slowly to that desired. When this became constant 
the X-ray tube was brought into operation. Exposures of about one hour 
to the X-ray beam gave satisfactory photographs. 

The procedure of first freezing the gels rapidly at a low temperature was 
adopted primarily because it was desired to obtain as uniform a deposition as 
possible of small ice crystals throughout the samples in the case of gels con¬ 
taining “free” water, rather than the separation of ice only on the surface as 
reported by Moran (14) for slow rates of freezing. 

At the end of the exposure to the X-radiation the gel was removed as 
rapidly as possible and reweighed. This was found to be necessary because 
a loss in weight of about 3% always occurred between the time at which the 
sample was weighed just before the exposure and the time afterwards. All 
weighings were made with the specimen in a small tightly stoppered weighing 
bottle. 

Repeating the procedure outlined above, but with the gel in the camera for 
only about five minutes, showed that, at least for the exposure times employed 
in these experiments, virtually all the loss in weight took place during the 
transfer of the gel, and virtually none during the time of exposure of the frozen 
gel to X-rays. Since the time elapsing from the weighing of the gel to the 
beginning of the exposure, and that from the end of the exposure to the final 
weighing, were approximately the same, the concentration of the frozen gel 
was taken as the mean between the values before and after the exposure. 

Detection of Ice 

Since the method described in this paper depends on the detection of ice 
by means of X-rays, it was necessary to determine approximately how small 
a quantity of free ice would yield a recognizable diffraction pattern in the 
presence ot dry gelatin during a reasonably short exposure to the X-ray beam. 

For this purpose X-ray photographs were taken of measured quantities of 
ic^ deposited from the vapor state uniformly over the surfaces of thin strips 
of magnesium foil. The weights of ice in the path of the beam were cal¬ 
culated from the total weights of the deposits and the areas of the magnesium 
strips. From the average dimensions of the gel samples employed and the 
dimensions of the X-ray beam through the gels, these weights of ice were 
converted into the equivalents *of grams of water per gram of dry gelatin. 
It was found that a quantity of free ice in the path of the tylam corresponding 
to 0.01 gm. of water per gm. of dry gelatin could readily be identified. This 
was considered to be a small enough amount for the present investigation, 
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so that it was unnecessary to determine the minimum quantity that could 
be detected. The presence of a strip of dry gelatin on top of the ice deposit, 
and hence between the ice and the photographic film, during the exposure 
did not interfere with the identification of this small amount of ice. 

The detection of diffraction effects due to ice in photographs of frozen gels 
of concentrations close to the limits of maximum amounts of “bound” water, 
proved to be more difficult as the following considerations will indicate. 

The principal features of the complete X-ray diffraction pattern of un¬ 
stretched gelatin (10) consist of more or less sharply defined rings at 20 angles* 
of about 4°, 8°, and 32°, respectively, and “amorphous” haloes at about 12°, 
20°, and 42°, respectively. Of these, the rings at 4° and 8° were not observ¬ 
able in the present study owing to the short crystal-to-plate distances em¬ 
ployed, and the halo at 12° (reported to appear on the plates only after very 
long exposures (10) ) was not visible after the comparatively short exposure 
times adopted in the present investigation. Identification of gelatin, there¬ 
fore, was limited to the haloes at about 20° and 42°, and to the ring at about 
32°. 

Of the complete powder pattern due to randomly distributed small crystals 
of ice (1), rings with 20 angles greater than about 45° either were outside the 
range of the plate holder or required unduly long exposure times for their 
appearance on the photographic films. Identification of ice, therefore, was 
confined to the diffraction rings at 20 angles less than this, namely, at 22°36', 
24°0', 25°38', 33°12 , t 39°42', and 42°12\ respectively. Of these, the first 
three were not resolved at the crystal-to-plate distances (2.23 to 3.67 cm.) 
employed and with a 1 mm. pin hole, so that they appeared on the photo¬ 
graphs as a single diffraction band at an average 20 angle of about 24°. 

Essentially, therefore, the identification of ice in the presence of dry gelatin 
consisted in observing the superimposition of a set of ice rings at 24°, 33°12', 
39°42', and 43°12' on the pattern for dry gelatin at 19°16' (13), 31°56' (13), 
and 41°53' (10). This was readily accomplished by simple visual inspection 
of the photographs. 

In the case of frozen gelatin gels, however, conditions are complicated by 
the fact that the positions of the haloes and rings due to dry gelatin vary 
with decreasing concentration of the gel. For example, when dry gelatin 
is allowed to swell in water vapor at room temperature, Katz and Derksen (13) 
have found that the 20 angle of the halo at 19°16' increases to 26°16', while 
that of the ring at 31°56' decreases to 30°42', as the dilution increases to 
266 parts of water per 100 parts of dry gelatin. In passing it may be noted 
that although they report the absence of the ring at 31°56' in dry gelatin, it 
appears in all the photographs of dry gelatin obtained during the present 
investigation, although of very weak intensity. 

Reviewing the foregoing data, it will be seen that the gelatin halo at 41°53' 
lies between the ice rings at 39°42' and 43°12'. It was found that this halo 

*/» this paper diffraction rings and haloes are designated in terms of their 20 angles, where 20 
is the angle between the incident and diffracted X-ray beams, twice the angle of diffraction, 
0,'in the Bragg equation, X — 2d sin 0, for \ — 1.54 .A 
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overlapped the pair of ice rings in the photographs, and made their presence 
indiscernible when only very small quantities of ice were present. Attempts 
were made to measure the intensities of these ice rings in more dilute gels 
with a Moll microphotometer, in the hope that a curve of the intensities of 
these lines plotted against gel concentrations could be extrapolated to zero 
intensity and thus enable the concentration of the gel at which these lines 
disappeared to be determined. This proved to be impossible, however, 
because of the pronounced background fogging on the films. 

Turning now to the gelatin ring at 31°56', it is evident that no clear separa¬ 
tion of this ring from the ice ring at 33°12' could be expected, except for very 
dilute gels or for longer crystal-to-plate distances or smaller pin holes than 
were employed in the present experiments. 

There remains, therefore, only the ice band at 24° and the gelatin halo at 
19°16'. The variation of the latter with gel concentration at room tem¬ 
perature is shown in Fig. 1, where the circles represent points calculated from 
the data of Katz and Derksen (13) and 
the crosses represent values obtained 
for similar gels at room temperature 
during the present investigation, in 
order to compare the accuracy of the 
present measurements*with the appar¬ 
ently very careful work of Katz and 
Derksen. The heavy horizontal line 
shows the position of the ice band at 
24°. From the curve it will be seen 
that a reasonable separation of the gel 
halo and ice band occurs in the more 
concentrated gels, at least from 0 to 
about 0.55 gm. of water per gm. of 
dry gelatin. 

For the results reported in the next 
section, therefore, attention was cen¬ 
tered on this gelatin halo and the ice 
band. 

Results 

The results obtained are summarized in Table I, in which the temperature 
for each set of observations is shown in brackets. Columns 1 and 5 give the 
concentrations of the gels in terms of grams of water per grajn of dry gelatin; 
Columns 2 and 6, the observed 26 angle of the halo or band in the region of 19° 
to 24°; Columns 3 and 7 the 26 value, obtained from Fig. 1, for the correspond¬ 
ing gelatin gel halo at room temperature. In Columns 4 and 8 the presence or 
absence of randomly distributed diffraction spots on the photographs due to 
ice crystals in the samples is indicated by the letters P and A, respectively. 
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TABLE I 

Variation of 29 with concentration at various temperatures 


Concen¬ 

tration 

26 angles 

Com¬ 

ments 

Concen¬ 

tration 

26 angles 

Com¬ 

ments 

Obsd. 

From 
Fig. 1 

Obsd. 

From 
Fig. 1 

(-53 2° C.) 




(-25 4° C.) 

■n 



0 36 

20°52' 

2t°57' 

A 

0 42 


22°18' 

A 

0 41 

mmm 

22°16' 

A 

0 45 


22°30' 

P 

0 42 

21°58' 

22°18' 

A 

0 51 

23°31' 

22°51' 

P 

0 43 

20°45' 

22°27' 

A 





0 45 

23°43' 

22°31' 

? 

(-11 5° C.) 




>0 8 

23°56' 

— 

P 

0 40 

21°25' 

22°15' 

A 





0 45 

22°19' 

22°30' 

A 

(—39 8° C.) 




0 51 

22°32' 

22°51' 

A 

0 34 

21°58' 

21°48' 

A 

0 55 

23°4' 

23°3' 

? 

0 41 

22°32' 


A 

0 59 

23°4' 

23°15' 

P 

0 42 

22°44' 


A 





0 43 

22°44' 

22°27' 

A 

(-3 4° C.) 




0 46 

23°56' 

22°36' 

P 

0 42 

21°25' 

22°18' 

A 

0 47 

23°56' 

22°39' 


0 47 

22°32' 

22°39' 

A 




H 

0 61 

23°37' 

f 

23°18' 

? 


Examination of Table I shows that the observed 2d angles for the more 
concentrated gels agree very closely with those at room temperature. At 
— 53.2° C., —39.8° C., and —25.4° C., however, as the concentration 
decreases there occurs a small but sudden increase in the size of the halo to 
a value greater than that at room temperature, but approximately equal to 
that of the ice band, i.e. } about 24°. This increase in the size of the halo 
usually is accompanied by the appearance of randomly distributed diffrac¬ 
tion spots on the photographs. It may also be noted that only one halo 
appears even in the more dilute gels. There is no visual evidence on the 
photographs of a broadening of the gel halo due to the superimposition of 
the ice band on its outer edge. In the photographs of the more concen¬ 
trated gels the halo appears in approximately the same positions as at room 
temperature, in the photographs of the more dilute gels it appears in the 
approximate position of the ice band. 

In Table I the 26 values for the haloes due to the more concentrated gels 
at —53.2° C. do not agree as closely with those at room temperature as do 
those at the other temperatures. It will be seen, however, that in all case^ 
they are smaller. This serves to emphasize the sudden increase in the 26 
angle between concentrations of 0.43 and 0.4S. 

Discussion 

Since this investigation was concerned primarily with the general question 
of the applicability of X-ray methods of analysis to frozen gelatin gels, no 
attempt was made to determine with a high degree of accuracy the relative 
amounts of “bound” water at different temperatures. The numerical results 
obtained, therefore, are to be considered only as qualitative. 
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From the combined observations of the sudden increase in the diameter 
of the halo and the appearance of randomly distributed diffraction spots 
due to ice, the results indicate that the amount of “bound” water in gelatin 
gels is independent of temperature, at least between about —25° C. and 

— 50°C. and corresponds to about 0.44 gm. of water per gm. of dry gelatin. 

Above some temperature between —11° C. and —25° C., however, the 

amount of “bound” water apparently does vary with the temperature, because 
no increase in the “normal” diameter of the gelatin halo was observed at 
concentrations of 0.45 and 0.47 for temperatures of —11.5° and —3.4° C., 
respectively. In fact no sudden increase in the size of the haloes at these 
temperatures was observed even with concentrations as high as about 0.6. 
It follows, therefore, that at these temperatures the amount of “bound” 
water must be appreciably greater than that at the lower temperatures. 

Reference to Fig. 1 shows that at a gel concentration of about 0.8, the 
ice band coincides in position with the galatin halo, and between 0.55 and 
0.8 the maximum difference between the 20 angles is less than 1°. From 
the change in position of the halo alone, therefore, it is not possible to recognize 
the first appearance of ice in gelatin gels of concentrations between about 
0 55 and 0.8 without the use of longer crystal-to-plate distances or radiation 
of longer wave-length. Some evidence, however, is supplied by the presence 
or absence of the randomly distributed diffraction spots on the photographs. 
Thus at —11.5° C. no spots were observed for concentrations below 0.51, 
only two or three of questionable validity at 0.55, but unmistakable ones 
appeared in photographs of gels of concentrations about 0.59. At —3.4° C. 
no evidence of ice spots was obtained at or below a concentration of 0.47, 
while they were of questionable occurrence even in gels containing 0.61 gm. 
of water per gm. of dry gelatin. 

These results, therefore, are in qualitative agreement with those of Moran 
(14) referred to above. Moran found that the amount of “bound” water 
in gelatin gels decreases with temperature from 0° C. to about —19° C., 
below which it remains constant at about 0.53 gm. of water per gm. of dry 
gelatin. At —3° C., for example, his data show an amount of “bound” 
water corresponding to about 0.84 gm. of water per gm. of dry gelatin. The 
results of the present study indicate that the amount of “bound” water 
at —3.4° C. probably is at least greater than 0.61, that at —11.5° C. it is 
about 0.55, and that it attains a value of about 0.44 at some temperature 
between —11.5° and —25.4° C. and then remains constant at least to about 

— 50° C. 

These results suggest, however, that Moran’s value of 0.53 for the lower 
temperatures may be too high. This is supported by the facfrthat unmistak¬ 
able ice spots were observed in the photographs of gels containing as little 
as 0.45 gm. of water per gm. of dry gelatin. This apparent disagreement 
may be due, of course, to the difficulty, so frequently encountered with 
gelatin, of reproducing results even with samples of pure islelectric material 
from different manufacturers or 4rom different lots, or to the tacit assumption 
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inherent in any investigation that the “dry” gelatin really contains a negligible 
amount of water. It is also possible that at the lower temperatures in 
Moran's method all the “free” water does not separate as ice on the surface 
of the specimens, although it seems unlikely that this would have been un¬ 
detected* considering the care with which Moran has developed his method. 

It should be noted that the present method tacitly assumes the essential 
validity of Moran's contention that “free” water separates as crystals of ice 
when gelatin gels are frozen. The results obtained favor this hypothesis 
rather than the ideas of Hardy (9) relative to the separation of solid solutions 
of gelatin and ice. 

If the amount of “bound” water in gelatin gels varies with the concentration 
over the whole concentration range, then at any given low temperature some 
water should freeze at all concentrations. The results of the present in¬ 
vestigation show that this does not occur. On the other hand, if all the water 
is “bound” until a limiting dilution is reached after which the amount of 
additional water which is “bound” varies with the concentration, the present 
method of examination would yield no useful information on this point, 
because a quantitative estimation from the photographs of the relative 
amounts of ice present in the frozen gels containing “free” water is im¬ 
practical and probably impossible. 

Qualitative though the present results on gelatin gels may appear, they 
show that the method of examining frozen gels by means of X-rays offers 
definite possibilities of a new and useful approach to the problem of “bound” 
water in hydrophilic colloids. The chief drawback to the method is the fact 
that it is dependent on the uncontrollable factor that the haloes or lines 
obtained at ordinary temperatures from the system under examination must 
be separable from the lines due to ice when the “free” water is frozen. It is 
possible, however, that this might be overcome by the use of a semi-cylindrical 
or cylindrical camera and longer exposures, so as to make the identification 
of ice dependent on lines at much larger 2d angles. This would involve the 
prevention of sublimation of the ice from the sample during exposure, or 
preferably the use of a more powerful X-ray tube to diminish the necessary 
time of exposure. 

In conclusion it should be noted that both the gelatin halo at about 22* 
and the ring at about 32° disappear from their normal positions when gelatin 
gels containing “free” water are frozen. As previously mentioned in the 
case of the halo, only one band and one ring are observed corresponding to 
the nearest ice band (24°) and ring (33°12')i respectively, and these have 
the same visual appearance as when obtained from ice alone. It is not clear, 
therefore, whether the gelatin halo and ring vanish, or are simply super¬ 
imposed on the corresponding ice band and ring. It is also of interest to 
mention that the photographs of very dilute gels (less than about 50% 
gelatin) at the lower temperatures show some fibering of the ice rings. It 
would appear therefore that further X-ray studies of frozen gelatin gels may 
throw some light on the structure of gelatin. 
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CONTRIBUTION A L’fiTUDE DE LA POLYMERISATION 

I. FORMATION, PROPRlfeTfeS ET CONSTITUTION DES POLYINDftNES, 
EN PARTICULIER DU “TRIINDfeNE ” 1 

Par J. Risi 2 et D. Gauvin 8 

R6sum6 

Les ntethodes de preparation du diind&ne non satur6 et du “triind&ne” ont 
am61ior6es. Le “triimtene” n'est pas un corps homogene, mais un melange de 
polym4res interieurs dont le P.M. moyen correspond 4 (C»Hs)j. II est le deuxi&me 
terme de la s6rie polyntere-homologue des polyind4nes, le premier £tant le 
truxane (ou son isontere satur6), lequel se forme par simple transposition du 
diind^ne non satur6 sous l’influence ae la chaleur. La synthase du ? ‘triind4ne M 
ne se fait pas suivant une reaction 4 4tapes, mais bien 4 partir de trois molecules 
d’ind4ne sans intervention du diind4ne non satur6. 

Le “triindene” est de caract4re satur£: il forme exclusivement des produits 
de substitution avec le brome, comme d’ailleurs tous les polyind4ne&; il ne 
r6agit pas avec la benzald£hyde, la />-dim6thyl-amino-benzald6nyde, le nitrite 
d’amyle, le chlorure de nitrosyle et ne subit aucune polymerisation. Les 
refractions moieculaires de l’imtene, du diindene non satur6 et de quelques 
polyind4ncs ont 6t6 d<*termin6es. 

Les polyind4ncs resistent 4 Toxydation par le permanganate de potassium ct 
l’acide chromique. L’acide nitrique les oxyde 4 chaufd en derives dinitres et 
dicarboxyl6s sans rupture des molecules Les produits de d6doublement 
obtenus par distillation pyrolytique du “triindene” ont 6t6 caract6rises. L’essai 
de dehydrogenation catalytique du trintere n’a pas donne de resultat positif. 

Les auteurs proposent une nouvelle formule filamentaire pour les polyind£nes. 
Ceux-ci se formeraient par une reaction 4 chalne, mais avec deplacement 
atomique (enchainement condensant), donnant ainsi un produit intermediaire 
avec double liaison. Par une reaction secondaire, les deux dernteres unites du 
filament se cyclisent alors pour donner une molecule saturee avec boucle ter¬ 
minate. Les polystyrenes et les polyprenes devraient aussi avoir une consti¬ 
tution analogue. 


Introduction 


L’etude syst6matique des s6ries styr£nique et ind£nique est tres impor- 
tante pour la connaissance des reactions de polym6risation en gen6ral. De 
nombreux travaux ont 6t6 faits surtout sur les polym6res sup£rieurs des 
deux series, tandis que les polym^res inferieurs, 4 Pexception des dim£res, 
ont 6t6 jusqu'ici peu 6tudi6s. Leur connaissance pourrait sans doute apporter 
quelque 6claircissement dans la discussion du probteme de la constitution 
des polym&res. Nous avons entrepris dans ce but des recherches sur les 
polyind£nes inf6rieurs, et plus sp6cialement sur le “triindene’*. 


Les propri6t£s du diindene non satur6, pr6par6 par Weger (28) et Weiss- 
gerber (29), ont 6t6 6tudi6es par Stobbe et Farber (20), par Whitby et Katz 
(30) et par Bergmann et Taubadel (2); les demiers auteurs ont 6tabli d6finit- 
ivement sa constitution: 


CHr- C 8 H 4 CHj—C«H 4 

<!tHs—ch—<!:==— cb 


1 Manuscrit regu le 7 ffarter, 1935. 

Contribution du dSpartement de chimie organique, Bcole SupSrieure de Chimie , UniversitS 
Laval , Quebec. Contribution basee sur une thhe prSsenUe par Dominique Gauvin pour I'obtention 
du degrS de D. Sc. 

* Professeur de chimie organique d l* UniversitS Laval . 

* Etudiant graduS , UniversitS Laval . Boursier du National Research Council of Canada. 
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Whitby et Katz (30) ont 6t6 les premiers k obtenir un produit correspon- 
dant au triind&ne, soit par chauffage de quantit6s fegales d’indfene et de diin- 
d&ie non satur6, soit par d6doublement pyrolytique d’un polyind^ne sup^rieur. 
L^tude de l’absorption de brome les a conduit k la conclusion que ce nouvel 
“individu chimique”, ainsi que les polyindfenes pyrolytiques (30) et les poly- 
indfcnes obtenus par action de la chaleur et des catalyseurs (31) sont des 
substances renfermant une double liaison par moldcule. Cest cette observa¬ 
tion qui appuie principalement la th6orie des auteurs (31) sur la constitution 
et la formation des polyind&nes, k savoir que ceux-ci sont formas par addition 
k Stapes des molecules d’ind£ne avec migration d’un hydrog&ne, suivant le 
schema: 


CHa—CaFU 
ch===«!:h 

Monomere 


CH 2 —C«H 4 
-I I 
CH*—CH 


CH 2 - 

-A- 

Dimere 
CHa—C«H 4 

<in 2 —CH- 


eHi 

I 

CH 


CHr-C,H« 

CHi—(! h— 
ch 2 —c,h 4 J 


CHr-C,H, 

—(!h—(^H— 

Trim&re 
CHa—C®H 4 

<i >=ss=< iiH 


CHa—CeH 4 
-C===(!h 


-^H—CH- 
Polymere 

D’autre part, Staudinger (15) donnait d’abord aux polyind&ies une formule 
k chalne ouverte avec des valences tcrminales libres: 


CHi—CcH 4 

I I 
CH—CH— 


CHj—C B H 4 CHa—C oH 4 

J I I 

-CH—CH-CH 


1—CH 


Plus r6cemment, Staudinger et ses collaborateurs (17) se sont exprim6s 
plutfit en faveur d’une constitution cyclique, qui r6sulterait de la saturation 
des valences terminales libres d’une seule chalne ou de deux chalnes paralteles 
pr6alablement form6es. Le sch6ma pour le deuxi£me cas serait: 


CHa—C e H 4 r CHa—C«H 4 1 CH,—C 6 H 4 

. . . CH—tH- -d:H—^H- -C^H—CH . 

L Jjj. 

. . . CH—CH-T-CH—CH-1-CH—CH . 

<!:h 2 —<Lh< l ch 2 —t 5 H,J d:H 2 —(Lh 4 

I ' 

CHa—C e H 4 r CHa—C 6 H 4 1 CHa—C»H 4 

ch —d:H—|_-d:H— ch-J —d:H—d:H 


H 


CH—CH-T-CH—CH-1-CH—C 

d^Hj—CtH< d^Hi—C 4 H 4 CH 2 —C«H, 


Cependant il a remarqu6 lui-mSme dans la suite (16, pp. 217 et 223) que 
l’existence de tels filaments doubles formant un anneau k P.M. 61ev6, k priori 
bien possible, est devenue douteuse 4 la suite de ses travamrsur la viscosity 
des acides polystyr&ie-carboniqu«. 
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Rfecemment, le mime auteur (16, p. 223) a abandonn6 ses deux premieres 
hypotheses, en assumant que, par une reaction secondaire, les filaments 4 
valences terminates fibres subissent une migration d’hydrogene, suivant le 
schema: 

Ph Ph Ph Ph Ph 

. . . . <^H—CH«—(i^H—CHr-(^lB^CH« . . . * <!:H—CHr-^H—CH.. . . 


de sorte que chaque molecule du produit final possfede une double liaison: 



ce qui conduit k une formule analogue k celle pr6conis6e par Whitby et Katz 
pour les polyind&nes*. II lui 6tait cependant impossible de d6celer avec 
certitude dans les polystyrenes des groupements finals non satur6s ou autres. 

Quant au m6canisme de polymerisation, Staudinger (16, pp. 149 et 223), 
ayant constate que dans la polymerisation du styrene il se forme d6s le debut 
des produits k P.M. tres 61ev6 (16, p. 113) et que le di- et le tri-styrene n’addi- 
tionnent pas d’autres molecules de styrene (16, pp. 149 et 222), admet qu’une 
molecule de monomere soit activ6e par la lumiere, Toxygene ou des cataly- 
seurs, et qu’une telle molecule activ6e peut ensuite s’unir k un grand nombre 
d’autres molecules sans deplacements atomiques, selon le schema: 

Ph Ph Ph Ph 

2 CH=CHi > . . in—CHr-^H—CH S + CH=CH, 

Ph Ph Ph 

CH—CHj—(t)H—CH,—CH—CH S , etc. 


Chalmers (7) a calcuie les constantes cinetiques d’un grand nombre de cas de 
polymerisation et a montre que celle-ci se poursuit & une vitesse quasi-uni- 
mol6culaire; il a conclu que le mecanisme de polymerisation ne peut 6tre 
celui pr6conis6 par Whitby et Katz, c.-i-d., addition par etapes: monomere 
+ monomere = dimere; dimere + monomere = trimere, etc., mais qu’au 
contraire les polymeres se forment directement par union de n molecules de 
monomere, suivant le schema: 

M —M (active) Lentement 
M (active) + (w — 1) M — M n Instantanement 


Whitby et Katz, considerant que le probieme de la constitution des poly- 
indenes et du m6canisme de leur polymerisation peut difficilement £tre r6solu 
par la seule etude des polymeres sup6rieurs, ont ete les premiers k attaquer la 
question par une 6tude syst6matique des termes inf6rieurs, pour lesquels il 
fallait mSme chercher une m6thode de preparation convenable. Leur travail 
sur le triindene est sans doute k consid6rer comme un effort dans ce but. 
Sur la proposition des deux auteurs, nous avons continue cette etude, esp6rant 
pouvojr apporter quelque lumiere dans ce probieme si important et si complexe. 


* Voir encore & ce sujet un travail de Staudinger et Steinhofer (Ann. 517:35-53, 1935), 
paru au cours de l'impression du present travail* 



RISI ET GAUV1N: PBOPRT&T&S ET CONSTITUTION DBS POLY1ND&NBS 


231 


TABLEAU I 

Rendements dans la preparation du diindEnb 

NON SATUrE 


Partie ThSorique 

Priparation du diindkne non saturi 

La mEthode de preparation du diind^ne non satur6 de Stobbe et Fsirber 
(20) a 6t6 perfectionn6e par Whitby et Katz (30). Par une modification 
16g£re, il nous a £t6 
possible de porter le 
rendement en diind^ne 
k 73% en maintenant 
100 g. d’ind&ie, 100 cc. 
d'acide chlorhydrique et 
10 g. de pierre ponce k 
l’ebullition pendant 15 h. 

Les rEsultats des essais 
sont pr£sent£s dans le 
tableau I. 


Temps de 
chauffage, 
h. 

Acide 

chiorhy- 

drique, 

% 

Rendements en 

Ind£ne, 

g- 

Diind£ne 
non sat., 
g- 

Poly- 

ind&nes, 

g- 

10 

23 

32 

60 

8 

14 

24 

16 

69 

15 

15 

26 

10 

73 

16 


Priparation du “trUndine" et preuve de sa non-honwgeniitS 

La m6thode de preparation du “triind&ne” donn6e par Whitby et Katz (30) 
a d'abord 6t6 soumise 4 une etude sys>t6matique. Nous avons chauffe des 
quantitEs Egales et 6quimol6culaires d’ind^ne et de diindfene non saturE en 
tube scelld cl diffErentes temperatures pendant plusieurs jours. Les r£sultats 
sont donn6s dans le tableau II, lequel contient les rendements en produits de 
distillation sur 10 g. de produits de depart. Un rendement maximum (56%) 
de la fraction de P.E. 215-240° C., contenant le “triindene”, est obtenu par 
chauffage de quantitds 6gales d’indene et de diind&ne k 215° C. pendant 
trois jours. 

En rempla$ant Pair dans les tubes par de l’azote, les rendements restent 
approximativement les memes. 

TABLEAU II 

PREPARATION DU "TR UNDONE” BT RBNDBMBNTS X PARTIR DE 10 g. DU M&LANGK INDfcNB -f DIIND&NE NON 

SATURfl * * 


Produits 

Produits bruts 

105° 

1 

215° 

235° 

depart 

de distillation 

I 

5 jours 

10 jours 

3 jours 

6 jours 

3 jours 

6 jours 


Indfcne g 

1 0 

n 

1 0 

m 



Quantit6s 

6galea 

Dimddne, g. 

3 3 

H2 


m v a 

3 9 

3 8 

Fraction de P.E. 215-240°, g. 

4 5 

H 

5 6 

mtm 

4 3 

3 4 

Fraction de P.E. 240-275°, g. 

1 

■M 


1 7 

\ 

1.0 


R£*idu, g. 

/ 0 8 

m 

1 1 

1 2 . 

J I* 

1 3 


Ind&ne, g. 

0 8 

0 5 

0 6 

\ 



Quantity 

4qulmol. 

Diindfcne, g. 

4 4 

4 0 

4 0 

i 4 2 



Fraction de P.E. 215-240°, g. 

* 4 1 

4 7 

4 6 

3 2 



Fraction de P.E 240-275°, g. 

\ 



1 3 




Rtoidu, g. 

1 04 

0.7 

0 7 

n t 


























232* 


CANADIAN JOURNAL OR RESEARCH. VOL. IS , SBC. B. 


On obtient dans toutes ces preparations un produit secondaire, en propor¬ 
tions notables, qui cristallise du benzene en longues aiguilles du P.F. 214° C. 
Cette substance a pour formule brute (CgHe)* et possede un caract&re satur6; 
eon etude fera le sujet d’une autre communication. 

Le “trimdene” relativement le plus pur peut 6tre obtenu de la fraction de 
P.E. 215-240° C. On y s6pare d’abord la substance du P.F. 214° C. par un 
traitement k l’6ther k froid, dans lequel elle est insoluble. La solution eth6r6e, 
apr^s filtration, est evapor6e k sec et le r6sidu est repris par Talcool absolu k 
chaud; par refroidissement, il pr6cipite un produit jaune pile, de P.F. 70° C., 
correspondant au “triindene” d6crit par Whitby et Katz (P.M. 357, 350) 
avec un rendement de 65% par rapport au produit brut. Par evaporation 
graduelle des eaux-meres, on peut r6cuperer plusieurs fractions inf6rieures 
de P.F. variant entre 50° et 60° C. et de P.M. entre 225 et 300 (rendement, 
25-30%). 

Le “triindene” du P.F. 70° C. est alors sounds soit k une precipitation 
fractionnee d’une solution 6th6r6e par Talcool absolu, soit k une dissolution 
fractionn6e dans des quantites limit6es d’alcool, dans le but d’6tudier son 
degr6 d’homog6n6it6. Dans Tun et l’autre cas, 'on obtient k volont6 un 
nombre de fractions de P.F. variant entre 63° et 90° C. et de P.M entre 310 
et 425. La fraction correspondant le mieux au trim£re, de P.F. 74° C. et de 
P.M. 370, est de nouveau fractionn6e et elle montre encore un manque 
d’homog6n6it6. II en est de m6me pour une fraction sup6rieure de P.F. 85° C., 
qui donne des sous-fractions d’un ordre d6passant 16g6rement le t6tram£re. 

II r£sulte ainsi la constatation importante que le produit consid6r6 jusqu’ici 
comme triindene n’est pas un individu chiinique homogene, mais que le 
“triindene” fait partie de la s6rie des melanges polymdres, desquels il est 
impossible de s6parer un individu uniforme, en d’autres termes, le “triindene” 
est un membre inf&ieur de la s6rie polym^re-homologue des polyind&nes. 
Ceci est en accord avec une constatation analogue de Staudinger pour la 
s6rie des polystyrenes et des polyind&ies sup6rieurs (17, pp. 937 et 948; 19). 
Cette non-homog6neit6 du “triindene” explique aussi rimpossibilite de le 
cristalliser. 

Un autre 6chantillon de “triindene”, obtenu par d6doublement pyrolytique 
d’un polyind^ne sup6rieur d’aprfes Whitby et Katz (30), est 6galement non 
homogene et amorphe. 

Micantsme de formation du “trundone" 

En admettant le m6canisme de formation propose par Whitby et Katz 
(diindene + indene = triindene), le melange ideal des produits reagissants 
devrait 6tre 6quimoieculaire. Or, le tableau II montre qu’en operant avec 
des quantites equimoieculaires d’indene et de diindene le rendement en “tri¬ 
indene” est inf6rieur k celui obtenu avec des quantites egales. On constate 
de plus que le pourcentage moyen de diindene recup6r£ est 6gal dans les deux 
cas, soif plus de 60% du diindene de depart. La perte d’envircm 40% s’ex- 
plique par la quantite notable de diindene recup6re par evaporation des eaux- 
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mdres de la fraction de P.E. 215-240° C., tel que d6j& d6crit, et surtout par la 
polymerisation individuelle du diindfene (voir plus loin). 

Ces observations nous ont conduit k l'id6e que le diind&ie n’intervient pas 
du tout dans la synthase du “triinddne”, et que par consequent le mecanisme 
propose par Whitby et Katz ne se realise pas. 

Afin de le confirmer de fagon indubitable, nous avons chauffe de l’indSne 
seul, du diind&ie seul, un melange k parties egales d’ind&ie et de diind&ne et 
finalement un melange k parties egales d’indene et de kerosene pendant trois 
jours k 215° C. Les r6sultats sont donnes dans le tableau III. 


TABLEAU III 

CHAUFFACE D’lNDftNB, DE DIIND&NE NON SATURfi ET DE KftROSfeNE X 215° PENDANT TROIS JOURS 


Produit de depart 

Indine 

r6cup£r6, 

K 

Dnnd^ne 

r£cup6r£, 

g. 

Poly 

indfcnes, 

g 

Fractionnement des polyindenes 

Fraction 

Quantity 

g 

PL 

PM 

I Jnd6ne, 10 g 

; 

0 7 


9 3 

1 

4 5 

108-110° 

525 





2 

0.9 

83-85° 

414 





3 

1 0 

75-77° 

392 





4 

0 6 

62-65° 

298 

II Dundfcne non satur6 10 g 

— 

7 4 

2 6 

1 

0 3 

105° 

440 





2 

1 8 

85° 

352 

III. Indfcne 10 g -f diindfcne non 

0 8 

6 8 

12 3 

1 

3 2 

94-95° 

459 

satunt*, 10 g 




2 

2 0 

78-80° 

356 





3 

2 3 

72-75° 

344 





4 

2 0 

60-63° 

292 

IV. Indfcne 10 g + k6ros£ne, 10 g 

— 

— 

8 2 

1 

3 0 

98-100° 

502 





2 

0 8 

80-82° 

400 





3 

1 5 

74-75° 

378 





4 

0 4 

60-65° 

293 


Le tableau III montre que les quantity d’inddne et de diind6ne r^cup^r^s 
et de polym£res formas sont pratiquement les mSmes quand les deux r^actifs 
sont chauff6s s6par6ment et en melange. Nous avons Ik la preuve que Tindfene 
et le diind£ne melanges ne subissent qu’une polymerisation individuelle; 
car en admettant en plus une reaction mutuelle, la quantite de diindfene 
recup6re devrait 8tre beaucoup plus faible et le rendement en polym^res plus 
eiev6. Le fractionnement des polyindenes formes fait voir que, dans le cas 
du ti^eiange indene-diindene, le degre de polymerisation est inferieur k celui 
atteint avec l’ind^ne seul. Cet abaissement du degre de polymerisation est 
sans doute dQ k la dilution et k la contrainte que subissent les molecules 
monomeres au sein d\m liquide aussi visqueux que le diind&ie. En effet, 
deji dans le cas d’un melange ind^ne-kerosene, oil la mobilite moieculaire 
est moins restreinte, le degr6 de polymerisation est legferement abaisse. C4$ 
resultats sont d'ailleurs conformes aux observations de Staudinger (17, p. 934; 
16, p. 158) et de Stobbe et F&rber (20), qui oiit constate que lfdegr6 de poly¬ 
merisation dixninue graduellemen* avec la dilution des monomeres. 
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Nous soxnmes ainsi en mesure d’affirmer experimentalement les conclusions 
d’ordre mathfmatique de Chalmers (7) sur le m6canisme de polymerisation, 
c.-3t-d., que le triindene est forme synth6tiquement k partir de trois mole¬ 
cules d'indene et non par reaction d*addition de I’indfene sur le diindene non 
sature. 

Transposition du diindine non saturS en diindine saturi 

La preuve la plus serieuse que le diindene non satur6 (X) ne joue que le r61e 
d’un agent de dilution dans la synthese du “triindene” est sa propre trans¬ 
position en diinddne sature (truxane XI de Stobbe et F&rber (20) ou son 
isomere VIII) au cours du chauffage. Aussi le “unchanged” diindene (non 
satur6), recup6r6 par Whitby et Katz (30, p. 360), n’est autre chose que du 
diindene sature. A titre de comparaison, nous avons prepare du truxane 
par reduction de la truxone d’apres Stobbe et Zschoch (24), et nous avons 
facilement constate sa parfaite ressemblance avec notre diindene de recupera¬ 
tion. Les deux ont les m&mes solubilites, le meme P.E. (207° C. k 13 mm); 
ils sont satures (voir plus loin: absorption de brome) et se conduisent de la 
meme fagon dans Toxydation par Tacide nicrique, d. 1.25, k Tebullition, 
tandis qu’ils resistent k Toxydation par le permanganate de potassium et 
1'acide nitrique k froid. Afin de d6montrer la transposition du diindene non 
satur6 en diindene sature encore plus nettement, nous avons chauffe le premier, 
seul, en tube scelie, k 215° C. pendant quatre jours, et Tabsorption de brome 
(voir plus loin) prouve que sa transposition en diindene satur6 est quanti¬ 
tative (abstraction faite de 40% de produit de depart qui se polymerise). 

Cette constatation permet de dire que le diindene non sature ne se range 
pas dans la s6rie des polyindenes, vu qu’il ne se forme qu’en presence d’acides 
dilu6s comme catalyseurs et non par thermopolymerisation. A sa place 
nous devons mettre le diindene sature qui est done le premier terme de la 
serie polymere homologue des polyindenes. Afin de bien distinguer dans la 
suite les deux isomeres, nous appellerons celui consider jusqu’ici comme 
diindene plut6t le 2-(a-hydrindyl)-indene. 

Le fait que le P.F. du truxane cristallis6 (116° C.) est superieur au point 
de liquefaction (P.L.) du “triindene” amorphe (72° C. environ) n’est pas un 
argument contre son incorporation dans la s6rie des polyindenes, car un corps 
cristallis6 a des constantes physiques beaucoup plus elevees que ce mSme 
corps associe k des polymeres-homologues dans un melange amorphe. Ainsi 
le dimere de l’a-methyl-styrene cristallis6 fond k 52° C., tandis que le mSme 
corps amorphe se ramollit et se liquefie entre -32° et 24° C.; le tetramere 
cristallis6 fond k 127-129° C., tandis qu 'k l’etat amorphe son point de lique¬ 
faction est de 48° C. (18). 

Ceci etabli, nous avons entrepris T6tude comparative des proprietes des 
polyindenes, en particular du “triindene”. 

Absorption de brome 

Par bromuration d’un “triindene” de P.L. 70° C. avec un exces de brome en 
solution chloroform6e k une temperature inf6rieure k 0° C., on obtient un 
produit brome con tenant un atome de brome par unite C®Hs. La reaction se 
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fait avec fort engagement d’acide bromhydrique. En essayant une bromu- 
ration analogue avec une quantity de brome correspondante k deux atomes 
par molecule de “triindene”, la reaction est incomplete, c.-&-d., il r6sulte un 
melange du derive brom6 pr6c6demment mentionn6 et de Thydrocarbure non 
attaque. 

Ces deux bromurations etant des substitutions, nous avons etudie com- 
parativement le caractfere de saturation de Tind^ne, du 2-(a-hydrindyl)- 
indene, du diindfene transpose par chauffage et des polyind&ies de diff6rentes 
m6thodes de preparation, en les soumettant k la bromuration d’aprfes Mcllhiney 
(12). Les rfeultats sont presents dans le tableau IV. 

Un essai en double op6r£ sur le “triindene” avec une solution de brome N /10 
dans du chloroforme donnait des r£sultats semblables k ceux pr6sent6s dans 
le tableau pour le t£trachlorure de carbone comme solvant. 

Le tableau IV permet de conclure que: 

1. L’ind&ie additionne exclusivement deux atomes de brome par mol.-g. 

2. Le 2-(a-hydrindyl)-ind&ne donne d’abord addition de deux atomes de 
brome par mol.-g., puis substitution allant jusqu’4 un atome de brome lorsque 
Vexcks de brome est suffisant. 

3. Le truxane synthfetique donne substitution exclusive, le degr6 de substi¬ 
tution augmentant avec la concentration de brome. 

4. a. Le 2-(a-hydrindyl)-ind£ne, apr£s trois jours de chauffage k 185° C., 
est transpose k 40% en diind&ne satur6. 

ft. Cette transposition en diind&ne sature de la partie non polym6ris6e est 
pratiquement quantitative en chauffant le 2-(a-hydrindyl)-ind£ne pendant 
quatre jours k 215° C. 

c Le diind&ne r6cup6r6 par distillation (fraction du P.E. 160° C. k 2 mm.) 
dans la synthese du “triinddne” (chauffage k 195° C. pendant trois jours) 
se compose de 58% de diindfene sature, le reste etant du 2-(a-hydrindyl)- 
indfene. 

5. Le “triindene” ne forme que des produits de substitution avec le brome. 
Avec une solution 0.08 N, l’6quilibre de bromuration correspond k un derive 
monobrom6, avec une solution N/3 k un derive dibrom6 et avec une solution 
normale k un derive tribrome. 

6 et 7. Les polyind&nes obtenus par polymerisation thermique de Tindfene 
et par dedoublement pyrolytique des polyindfenes ne donnent que substitu¬ 
tion exclusive. 

8 et 9. Les polyind&nes catalytiques donnent substitution dont le degr6 
augmente avec la temperature et la concentration de la solution brom6e. 
De plus, le tableau montre apparemment une faible addition, mais nous 
croyons que les polyind&ies catalytiques n'additionnent le brome pas plus 
que les autres. Les petites differences entre la quantite de brome consommee 
et substitu6e sont attribuables aux difficultes experimental, car le tetra- 
chlorure de carbone n'est pas ut\ bon solvant pour les polyinctenes superieurs; 
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nous avons toujours remarquE qu’une certaine proportion d’acide brom- 
hydrique est Energiquement retenue par le tEtrachlorure et qu'il faut une 
agitation trEs vigoureuse pour Ten detacher. II s’agit trEs probablement 
d’un phEnomEne d’adsorption d’un Electrolyte (acide bromhydrique) sur 
les particules semicolloidales des polyindEnes, cette adsorption demandant 
pour Etre rompue un meilleur contact avec les rEactifs aqueux. C’est pourquoi 
nous avons aussi soumis des polyindEnes catalytiques k la bromuration 
dans le chloroforme (groupe 9 du tableau), lequel est un meilleur solvant 
pour les polyindEnes. En effet, la fin de la titration est plus facile k atteindre 
et l’addition apparente ne dEpasse pas 0.2 atome par mol. Nous n’avons 
done aucun doute sur le caractEre saturE des polyindEnes catalytiques, car 
une double liaison serait bien facile k dEceler par la mEthode de Mcllhiney, 
meme 4 basse tempErature, comme l’indique le rEsultat obtenu avec le diin- 
dEne non saturE 4 5° C. 

Autres preuves pour le caractEre saturE des polyindEnes 

Ayant ainsi constatE le caractEre saturE des polyindEnes, nous avons voulu 
le confirmer davantage en les traitant par quelques rEactifs spEcifiques de la 
double liaison EthylEnique. L’indEne donne avec' le chlorure de nitrosyle, 
suivant la mEthode de Wallach et Otto (27), un nitroso-chlorure blanc et cris- 
tallisE, dEj4 vaguement mentionnE par Dennstedt et Ahrens (8), qui fond E 148- 
150° C. avec decomposition. II est instable et se transforme facilement 
par la chaleur en une substance huileuse brune. Le 2-(a-hydrindyl)-indEne 
rEagit Egalement en donnant un nitrosochlorure instable, sous forme d’une 
huile verte passant au bran, qui donne toutes les reactions du nitrosochlorure, 
E savoir un prEcipitE de chlorure d’argent avec une solution alcoolique de 
nitrate d’argent et mise en libertE d’iode avec une solution alcoolique 
d’iodure de potassium. Par contre, le “triindEne” purifie le mieux possible se 
comporte dans les merries conditions comme corps saturE, car on le rEcupEre 
quantitativement. 

Si les polyindEnes infErieurs Etaient des corps non saturEs, on devrait atten- 
dre l’existence dans la molEcule d’un groupement CHj activE par le voisinage 
de la double liaison. Nous avons prouvE qu’un tel groupement CH 2 n’est 
pas prEsent, car un “triindEne” dEbarrassE totalement du diindEne non saturE 
ne rEagit ni avec la benzaldEhyde, ni avec la £-dimEthyl-amino-benzaldEhyde, 
et ne donne aucun dErivE nitroso avec le nitrite d’amyle, tandis que le diin¬ 
dEne non saturE donne instantanEment un nitroso-dErivE. 

Si encore les polyindEnes infErieurs Etaient des corps non saturEs, il faudrait 
sans doute leur attribuer une certaine aptitude k la polymErisation, quoique 
4 un faible degrE, puisque dEjE le diindEne non saturE se polymErise k un 
degrE bien moins ElevE que 1’indEne (30). Un “triindEne” de P.L. 70° C. 
ne se polymErise aucunement ni par la chaleur, ni par l’acide sulfurique 
concentrE. La chaleur cependant, selon la tempErature et le temps de chauf- 
fage, transforme une partie du “triindEne” employE en la substance de P.F. 
214° C. jdEjE mentionnEe et en truxEne (tribenzylEne-benzEne), tel qu’il 
ressort du tableau V. 
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Un essai de polymerisation fait avec le pentachlorure d’antimoine sur le 
mfime “triind&ne” de P.L. 70° C. donnait d’abord un polymfcre correspondant 
k un hexam£re, mais avec un si faible rendement que nous doutions que ce 

TABLEAU V 

Action de la chaleur sur le “triindEnb” (4 g.) 


Tempe¬ 

rature, 

°C. 

Temps de 
chaunage, 
jours 

Produits 


“Triind£ne” 
r£cup6re, g. 

Substance 
de P.F. 
214° C.,g. 

Trux&ne, 

£• 

240 

8 

2 6 (P.L. 68° C.) 

0 32 


240 

15 

2 4 (P.L. 75° C.) 


— 

280 

8 

2 0 (P.L. 72° C.) 

1 0 

— 

280 

15 

1 1 (P.L. 68° C.) 

1 2 

— 

310 

8 

0 6 (P.L. 74° C.) 

0 9 


310 

15 

1 4 

0 3 


soi-disant hexam&re provienne du trim^re. En effet, en faisant r6agir avec 
le pentachlorure d’antimoine un polyind^ne de P.L. 84-85° C. obtenu par 
fractionnement tr£s soign6 du “triindene” de P.L. 70° C., il ne se fait aucune 
polymerisation. Un autre essai sur un “triind&ne” pr£alablement d£barrass6 
d’une trace de diindene non satur6 par le nitrite d’amyle donnait aussi un 
r£sultat n£gatif. 

Nous avons aussi determine la refraction moteculaire des polyind&ies, 
ainsi que celle de l’ind&ne et du diindene non satur6. Les rfeultats sont 
r£unis dans le tableau VI. 

TABLEAU VI 

DensitEs et refractions molEculaires 


Substance 

Densite 
k 20° C. 

Refraction 
mol. calcul6e 

Refraction 
mol. trouvEe 

Non¬ 

saturation 

Saturation 

Ind&ne 

0 9991 

37 75 

36 04 

38.31 

Diind&ne non sat. 

1 043 

36 89 

36 04 

37 48 

“Triinctene”, P.M. 350 

1 082 

36 61 

36 04 

36 58 

Polyindene thermique, P.M. 447 

1 083 

36 47 

36 04 

36 27 

Polyind&nc catalytique, P.M. 1146 

1 099 

36 21 

36 04 

35.90 


II serait sans doute difficile de tirer des conclusions certaines sur le degr£ 
de saturation du “triind&ne” et des polyind^nes en se basant exclusivement 
sur la refraction molfeculaire, car les rfesultats obtenus ne paraissent pas 
suffisamment nets. Nous remirquons cependant que, tout en consid6rant 
une anomalie de Tindfene semblable k celle du styrene, no#valeurs sont fort 
analogues k celles obtenues par Jitaudinger dans la s6rie styr6nique (16, p. 164). 
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Oxydation 

Enfin, une demi&re preuve pour Tabsence d’une double liaison dans les 
polyindfenes est foumie par l’oxydation. Le diind^ne sature et tous les 
polyind&ies ne sont pas attaqu^s par le permanganate en milieu acide et 
alcalin et par Tacide nitrique concentre k froid. Le “triindene” rfeiste aussi 
passablement bien k Tattaque par Tacide chromique, car on n’obtient qu’une 
trks faible quantity d’un produit fondant k 120-123° C. et qui n'est pas de 
Ta-hydrindyi-hydrindone, k c6t6 d’une trace d’acide phtalique, tandis que la 
majeure partie du produit de depart est r6cup6r6e. Le diind&ne non satur6 
par contre donne dans les m6mes conditions principalement de Ta-hydrin- 
done (20). 

En bouillant le 2-(a-hydrindyl)-indfene pendant quatre heures avec de 
Tackle nitrique, d. 1.25, il y a oxydation complete; on obtient de Tackle 
phtalique comme produit principal, k c&t6 d’une faible quantity (12%) 
d’un produit azote de nature acide, P.F. 160-165° C. Le P.M. (390) montre 
que la molecule n’a pas 6t6 scindfe et qu’au contraire il y a eu introduction 
de deux groupements N0 2 et probablement de deux COOH. N = 7.19%, 
correspondant k deux atomes d’azote par mol.-g. ( 

Le diindfene satur6 foumit dans les mSmes conditions aussi de Tacide 
phtalique, k c6t6 de 15% du meme produit azote d6crit dans le cas precedent. 

Tous les polyind&ies thermiques et catalytiques, oxyd6s dans les memes 
conditions, donnent principalement un produit nitr6 analogue au precedent, 
k c6t6 de peu d’acide phtalique. Les rendements en produit nitre augmentent 
graduellement avec le degr6 de polymerisation, alors que ceux de Tacide 
phtalique d6croissent. Les P.M. des d6riv6s nitr6s demontrent (voir tableau 
VII) qu’il n’y a pas eu rupture de la molecule, meme dans le cas des poly- 
indenes superieurs. Tous ces produits d’oxydation sont constitu6s eux- 
mfimes par un melange de derives nitres-oxygenes de polymeres-homologues, 
comme le d6montre ia precipitation fractionnee. Quoique Interpretation 


TABLEAU VII 

Produits d’oxydation des polyindSines obtenus par Sbullition avec l’acide nitrique, d 1.25, 

PENDANT TROIS A QUATRE HEURES 
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des r&ultats analytiques soit plus difficile dans de tels cas, on peut tout de 
mime constater l’entrle de deux NOj et deux COOH par mollcule et d’un 
autre oxyglne par unit! C»H 8 . Les fonctions COOH ont It! dlterminles 
au moyen du chlorure de thionyle ou de leurs sels d’argent. Le tableau 
VII indique des details plus prlcis sur ces rlsultats. 

L’oxydation par le mllange nitrique-sulfurique est par contre plus Inergique, 
car il y a rupture de la mollcule en deux fragments et introduction d’un 
groupement NOj par unit! CjHs. Ces produits d’oxydation sont Igalement 
de nature acide et ont des propriltls semblables k ceux obtenus par l'acide 
nitrique seul, k 1’exception cependant d’un caractlre explosif assez marqul. 
Les rendements sont plus faibles, car l’oxydation plus Inergique conduit 
probablement jusqu’& l’anhydride carbonique. Le tableau VIII rlsume les 
rlsultats obtenus. 

TABLEAU VIII 

Produits d’okydation des polyind£nes obtenus par Abullition avec un m£lanc e d’acide nitriqub 

BT D ACIDE SULPHURIQUB 


Produit de depart Produit d’oxydation 


Polymdine 

B 

P M 

8 

Temps 

de 

chauffage, 

h 

Rende- 

meut 

brut, 

g 

Fract 


P M 

N 

% 

Nombre 

de 

NO, 

par mol. 

Thermique 

Ej 

580 

m 

mm 

0 5 

1 

fg 

476 



Catalytique (HjSO«) 


712 

H 


4 5 

1 


661 

7 35 

3 5 




m 



2 

m 

590 

7 51 

3 2 

Catalytique (HjSOO 

142 

712 

B 

11 11 n 

2 5 

1 

| 240 1 

675 




Essai de dehydrogenation catalytique du “triindhne'* 

Nous avons voulu etablir une preuve directe pour la constitution du tri- 
m&re de Tind£ne. Si ce corps 6tait un d6riv6 du cyclohexane (voir plus loin), 
il devrait donner du trux&ne (tribenzyl£ne~benz£ne) par dehydrogenation 
catalytique avec le palladium d’apr^s Zeiinski (32) et Tausz et Putnoky (25). 
Le resultat fut n6gatif, et il prouve plut6t que les polyindfoies sont des subs¬ 
tances filamentaires simples. 

DSdoublement pyrolytique du “ triindhne ” 

Le d6doublement pyrolytique du “triindhne” par chauffage k 335-340° C., 
pendant trois k quatre heures, foumit par distillation d’abord k pression 
ordinaire de rind&ie (30-40%), puis sous pression r6duite une huile visqueuse 
(10%) dont le point d’6bullition correspond au truxane et au 2-(a-hydrin- 
dyl)-ind£ne et de laquelle nous n’avons pu isoler k P6tat cristallin qu’une 
faible quantite du dernier (P.F. 55° C.), la majeure partie de cette fraction 
etant probablement du diind£ne satur6 que nous tenterons d’identifier. 
Le rfeidu est form£ par du “triind&ne” non attaqu6 (5%), la substance de 
P.F. 214° C. d£j2t mentionn6e (20%) et du trux&ne (10%). Cette reaction 
est un “cracking" ordinaire qui peut s’appliquer tout aussiJ)ien aux hydro- 
carbures aliphatiques que polymfethylfniques. Des d6doumements pyroly- 
tiques analogues sont connus en ctssez grand nombre pour des corps cycliques, 
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par exemple les acides truxiliques et truxiniques (21), le bis*cyclo-pentadifene 
(23) et surtout le truxane qui se d6polym£rise en indfene par chauffage (24). 
Le produit primaire du d6doublement pyrolytique du “triindene” paratt 
6tre de l’inddne uniquement, lequel formerait en seconde phase par repoly- 
m6risation un peu de dim^re et du trux&ne, selon le m6canisme expose par 
Stobbe et Zschoch (24). 

Constitution des polyindknes 

Les deux premieres formules propos6es par Staudinger et ses collaborateurs 
(voir Introduction) doivent £tre d6finitivement abandonn^es. Leur formule 
k valences r6siduelles ne s’accorde pas avec Tabsorption de brome et la rfsis- 
tance k Toxydation; elle serait mSme tout-i-fait inconcevable pour les poly- 
meres inf6rieurs. Leur formule polycyclanique (par exemple, formule I 
pour le trim£re) fai&ant des polyind^nes des corps k 6, 8, 10, 12 . . . atomes 
de carbone dans l’anneau (vielgliedrige Ringe), k priori bien possible d’apr^s 
les travaux de Ruzicka et ses collaborateurs, explique difficilement les r6- 
sultats obtenus par l’auteur m£me dans la determination des viscosites des 
acides polystyreniques (16, p. 217), les moments, dipolaires determines par 
Gallay (9), nos oxydations par l’acide nitrique et la resistance du trim^re k la 
dehydrogenation catalytique. 

Nous acceptons la formule non satur6e de Whitby et Katz pour les produits 
intermediates, produits directs de la reaction k chaine, mais nous devons 
chercher une formule satur6e pour le& polyindenes, conformement k leurs 
proprietes, et basee surtout sur la transposition du 2-(a-hydrindyl)-indene 
en diindfene sature par simple chauffage. 

Une formule II theoriquement possible, calquee sur les cas analogues des 
dimeres de Ta-methyl-styrene (3) et du diphenyl-ethylene asymetrique (4), 
doit etre eiiminee par le fait que d6j k le 2-(a-hydrindyl)-indene III ne se 
transpose pas en IV (2), car le compose polycyclique IV ne peut pas £tre 
stable pour des raisons de tension dans l’anneau, comme Tent demontr6 
Braun et Anton (6) en trouvant que des derives du type V ne se Torment pas 
mSme par la reaction de Friedel et Crafts. 

Une deuxieme formule possible pour les polyindenes r6sulte du travail 
de Alder et Stein (1) qui ont prouv6 que le dicyclo-pentadi£ne obtenu par 
polymerisation spontan6e du cyclopentadiene n'est pas un derive symetri- 
que du cyclobutane VI, tel que jusqu’ici consider, mais bien un corps de 
constitution asym6trique VII. En appliquant ce cas k l’indene, nous aurions 
pour le diindfene sature la formule VIII (benzytene-1, 2-ph6nyiene-3, 5-cyclo¬ 
pentane) et pour les polyindenes une formule correspondante IX, dans 
laquelle la chaine des x + 1 unites ind6niques serait fixee sur le groupement 
CH median des deux unites formant la fin asymitrique de toute la chaine. 
On ne peut cependant pas appliquer la polymerisation de deux molecules 
de cyclopentadiene sans aucune reserve au cas de Tindene, car dans le premier 
cas il y^a u i systeme de doubles liaisons conjugees alicycliques qui fait d6faut 
dans I’anne&u indenique. D’ailleurs une formule analogue k IX pour les 
polystyrfenefe est, k priori, impossible. 
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Enfin une troisifrne possibility de cyclisation est celle qui conduit k la for¬ 
mation d’un d6riv6 du truxane. La constitution du truxane XI ytant prouv^e 
par synthfese (Stobbe et collaborateurs), nous proposons la formule XII 
pour les polyindynes. 

Cette formule est conforme aux propri6t6s des polyindfenes, k savoir: 
le caractfere satur£, la resistance relative k Toxydation, la possibility de donner 
avec Tackle nitrique des produits dinitrys et dicarboxytes, et surtout Tasy- 
metrie moiyculaire qui explique Tytat amorphe des polyindynes et qui fait 
comprendre les rysultats obtenus par Gallay (9) dans ses determinations des 
moments dipolaires des polyindynes superieurs. Quoique cet auteur n'ait 
pas travailie sur les termes inferieurs et qu’il interprSte Taugmentation du 
moment polaire avec le degry de polymerisation en faveur d’une double liaison, 
nous croyons que Tasymetrie observee par lui s’explique trys bien par la for¬ 
mule XII. D'ailleurs Ostwald et Riedel (13) remarquent que: “Eine 
Erkl&rung der Zunahme des Momentes ist aufs Engste verkniipft mit der 
Vorstellung, die man sich iiber die Konstitutionsanderungen macht, die bei 
der Polymerisation eintreten. Solange die Konstitutionstheorie dieser 
Polymerisation noch umstritten ist (siehe die entgegengesetzten Anschauungen 
von Whitby und Staudinger, Gallay loc.cit.), erscheint der Versuch einer 
konstitutionschemischen Deutung der Momentzunahme mit steigendem 
Polymerisationsgrad verfriiht.” 

De plus, la formule XII n’est pas en desaccord avec les mesures de vis¬ 
cosity de Staudinger et collaborateurs, car les polyindynes ainsi constituys 
conservent un caractyre essentiellement filamentaire, et la petite boucle 
formee par les deux derniyres unitys indyniques de la chalne n’influencera pas 
de fagon notable la viscosity et les autres propriyt6s du filament. D’ailleurs 
Staudinger (16, p. 223) avait d£]k exprime Tidye de teis r6arrangements k 
la fin de la chalne sous Taction de catalyseurs, sans toutefois les pr6ciser. 

Cette nouvelle hypothyse constitutionnelle, faisant des polyindynes des 
filaments simples avec une boucle terminale, peut trks bien £tre appliquye 
aussi au cas des polystyrynes pour lesquels nous voudrions proposer la formule 
XIV. Une constitution analogue des polyprynes, en particulier du caout¬ 
chouc XV, formy k partir de XVI par migration d’hydrogyne et cyclisation, 
serait aussi trys plausible k la suite des travaux de Karrer et collaborateurs 
(10) sur d’autres dyrivys polypryniques naturels, tels que la zyaxanthine, la 
xanthophylle et la vitamine A. 

MScanisme de polymerisation 

Nous acceptons avec Staudinger, Chalmers (7) et Semenoff (14) que 
la polymyrisation soit une faction k chalne, en Taccompagnant cependant 
d’un dyplacement atomique. L’ynergie libyrye pendant la combinaison de 
-deux moiycules peut se manifester sous une autre forme que celle des liaisons 
terminales fibres pryconisyes par Staudinger. Ainsi pn peut supposer que 
cette ynergie soit cyd6e k une double liaison k Textrymity du polymyre formy 
et que celle-ci par son activation provoque immydiatement Taddition d’une 
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autre mol6cule de monom&re avec dfeplacement atomique, tel que formula 
par Whitby et Katz. L'fenergie mise en jeu dans cette nouvelle combinaison 
active k son tour la double liaison de la molecule r6sultante, celle-ci additionne 
comme la pr6c6dente, etc. 

Mi— 

M'i + M a —>- Mt M'i 
M i M'i + Mt—>- Mi M % M's, etc. 

La chalne, r6activ6e chaque fois par T6nergie resultant de Taddition d’un 
nouveau chatnon, conserve son aptitude k r6agir et continue k progresser 
jusqu’i ce qu’elle soit arr6t£e par un accident, qui se manifeste par une 
reaction secondaire sous la forme d’une cyclisation entre les deux demises 
unites de la chalne; la formule XIII repr6sente cette cyclisation qui donne 
ainsi les polyind&nes XII. 

Le nombre de molecules mises en jeu depend en premier lieu de Tfaiergie 
excitante, mais il est aussi fonction des facteurs qui peuvent accroltre les 
chances de cyclisation, tels que le degr6 de polymerisation, les chocs inter- 
moieculaires ou sur les parois du recipient, ou toute autre manifestation 
de renergie du milieu ambiant. Ainsi la tendance k la cyclisation crolt 
avec la temperature au detriment de la force polymerisante, comme le d£- 
montrent nettement la transpovsition du diindene non satur6 en diindene 
sature et la diminution graduelle du degre de polymerisation avec Teievation 
de la temperature. 

Pour expliquer maintenant les r6sultats n£gatifs obtenus par Staudinger 
dans ses essais d’addition de styrene au di- et tri-styrene, et nos propres 
insucc^s dans le cas analogue de la s6rie indenique, nous n’avons qu’i remar- 
quer que les conditions de la reaction k chalne n’existent pas dans ces cas. 
L’6nergie n6cessaire k la reaction n’est pas Iib6r6e par une combinaison 
anterieure, puisque nous partons de dim^res et trim^res dC]k formes. Cette 
6nergie doit n6cessairement provenir du milieu ambiant, elle peut ne pas £tre 
suffisante ou §tre d’une autre forme et se manifester d’une fagon differente. 
C*est ce que nous avons d’ailleurs prouv6 dans le cas du diindene non saturd. 

Partie Exp6rimentale 

Preparation du diindint non saturS 

On porte k ebullition un melange de 100 g. d’ind&ie, 100 cc. d’acide chlor- 
hydrique et 10 g. de pierre ponce. Les temps de chauffage et les concentra¬ 
tions initiales d’acide chlorhydrique sont donnes dans le tableau I. On 
d6cante la couche indenique, on neutralise par agitation avec une solution 
de carbonate de sodium 5%, on s^che sur le chlorure de calcium, on distille 
les produits de reaction dans le vide et on redistille k 1 ou 2 mm. la fraction 
correspondante au diindene, qui passe k 145-160° C. On cristallise de Taqde 
acetique glacial, on lave k Tacide ac6tique dilu6, puis avec du carbonate 
de sodium 5% et finalement k Teau. On seche dans le vide, m On obtient ainsi 
un produit incolore de P.F. 56° C. et de P.M. 224 (calculfe pmir (C^s)*: 232)* 
Les rendements sont donnas datts le tableau L 
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Priparation du “trUnd&ne” 

On chauffe des melanges de quantity respectivement Egales et Equi- 
molEculaires d’indEne et de diindEne non saturE en tubes scellEs et & 1’obscuritE 
k 195°, 215° et 235° C. pendant un temps variable, tel qu’exposE dans le 
tableau II. On sEpare ensuite les diffErents constituants par distillation frac- 
tionnEe k 2 mm. Fraction 1: indEne, P.E. 35-40° C.: fraction 2; diindEne, 
P.E. 160-175° C., huile jaunlltre visqueuse; fraction 3; “triindEne”, P.E. 
215-240° C., huile orangEe, trEs visqueuse, se solidifiant trEs vite sous forme 
rEsineuse: fraction 4; polyindEne, P.E. 240-275° C., produit vitreux: fraction 5; 
rEsidu. 

La fraction 3 pulvErisEe et traitEe par quatre fois son poids d’Ether 4 0° C. 
laisse aprEs repos de 24 h. un dEpSt cristallin (8-10%). On filtre et on 
lave cL lather. La substance insoluble, cristallisEe k plusieurs reprises du 
benzEne, forme de longues aiguilles incolores de P.F. 214° C. La solution 
EthErEe est EvaporEe et le “triindEne” ainsi dEbarrassE de cette substance 
EtrangEre est repris par un grand volume d’alcool absolu k chaud. On obtient 
par refroidissement un produit jaune pale, parfaitement homogEne, mais 
amorphe, de P.L. 70-71° C.; C, 93.01; H, 6.74% (calculi C,H»: C, 93.10; 
H, 6.90%). P.M. 357, 350 (calculi (C 9 H 8 ) 3 : 348). Rendement: 42 g. de 
la fraction 3 donnent 27 g. de “triindene” purifiE. Par Evaporation graduelle 
des eaux-mEres dans le vide, on rEcupEre trois fractions infErieures, P.L. 62° C. 
et P.M. 306; P.L. 54-55° C. et P.M. 244; P.L. 50-52° C. et P.M. 225. 

La fraction 4 traitEe de la mEme fagon que la prEcEdente donne les rEsultats 
suivants: 10 g. de produit brut fournissent 3 g. de la substance de P.F. 214° C., 
4.2 g. d’un polyindEne de P.L. 80° C. et 2.5 g. de “triindEne” de P.L. 65-66° C. 

Le rEsidu 5 (8 g.) est partiellement soluble dans 1’Ether. AprEs filtration 
et addition d’alcool, il prEcipite 4 8 g. d’un polyindEne supErieur au “triin- 
dEne”, P.L. 90° C. La portion insoluble dans l’Ether se dissout en grande 
partie dans le benzEne k chaud et cristallise par refroidissement, P.F. 214° C. 
(2.5 g.). II reste cependant sur le filtre 0.6 g. d’un produit insoluble dans 
le benzEne, de P.F. > 350° C., considErE comme truxEne. 

Preuve de la non-homog6n6iti du “triindene" 

1. “ Triindbne ” synthetique 

a. Par dissolution fractionn6e. On traite 4 g. de triindEne de P.L. 70° C. 
par 20 cc. d’alcool absolu k chaud. On dEcante la solution et on refroidit: 
il se forme un prEcipitE de P.L. 72° C. Le rEsidu du premier traitement 
repris dans les mEmes conditions par 10 cc. d’alcool absolu donne un second 
prEcipitE du P.L. 74-75° C. En rEpEtant la mSme opEration k trois reprises 
sur le rEsidu, on obtient trois nouvelles fractions de P.L. respectivement 
78-80°, 85-87° et 90-92° C. Par concentration des eaux-mEres de ces diffE- 
rents traitements, on obtient une fraction infErieure de P.L. 63-64° C. 

b. Par Jpricipitation fractionn6e. On dissout 3 g. de “triindEne” de P,L. 
70° C. dans 20 cc. d’Ether et on y ajoute k 0° avec agitation 40 cc. d’alcool 
absolu. On obtient ainsi un prEcipitE de P.L. 87-88° C. et de P.M. 423. 
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On ajoute encore de l'alcool au filtrat et on concentre par Evaporation partielle 
4 froid: on obtient un second prEcipitE de P.L. 77-78° C. et de P.M. 387. 
En concentrant davantage, on obtient encore trois autres dEpfits de P.L. 
74-75°, 69-70° et 64-65° C. et de P.M. respectivement 370, 331 et 311. 

AprEs une reprise de la prEcipitation fractionnEe sur une plus grande Echelle 
(4 partir de 25 g. de “triindEne” de P.L. 70° C.), les diffErentes fractions obte- 
nues sont de nouveau soumises au mEme traitement, mais encore 14 elles 
montrent un manque d’homogEnEitE. Une de ces fractions, de P.L. 73-74° C. 
et de P.M. 362, donne trois sous-fractions de P.L. 83°, 77° et 69° C. Une 
autre fraction de P.L. 85-86° C. et de P.M. 408 en fournit quatre de P.L. 
respectivement 98-100°, 90-92°, 86-88° et 76-78° C. 

2. "Triindhte" de decomposition pyrolytique 

On polymErise d’abord 1’indEne avec le pentachlorure d’antimoine suivant 
la mEthode de Whitby et Katz (31): P.L. 205° C. et P.M. 1354. On soumet 
ce polyindEne 4 la distillation pyrolytique suivant les memes auteurs (30). 
Le “triindEne” du P.L. 70° C. ainsi obtenu aprEs purification est soumis 4 
dissolution et prEcipitation fractionnEe comme le prEcEdent. II donne 
approximativement les mEmes sous-fractions. 

Essais montrant que le diindine non saturt n'intervient pas dans la synth&se du 
“triindEne” 

Dix grammes d’indEne, 10 g. de diindEne non saturE, un mElange de 10 g. 
d’indEne et de 10 g. de diindEne, et un mElange de 10 g. d’indEne et de 10 g. 
de kErosEne du P.E. 210-220° C. sont chauffEs en tubes scellEs pendant trois 
jours 4 215° C. L’indEne, le diindEne et le kErosEne respectivement sont 
ensuite soigneusement enlevEs par distillation 4 2 mm. Les polymEres 
restant dans le ballon sont alors traitEs exactement de la mEme fagon, 4 
savoir: dissolution dans trois fois le poids d'Ether par rapport au poids des 
polymEres, puis prEcipitation par trois volumes d’alcool absolu. Le prEci- 
pitE obtenu, lEgErement collant, est de nouveau repris par trois fois son 
poids d’Ether et prEcipitE par trois fois son volume d’alcool donnant ainsi la 
fraction 1; par Evaporation 4 froid du filtrat au deux tiers de son volume, on 
obtient la fraction 3. Les eaux-mEres de la premiEre prEcipitation sont aussi 
EvaporEes 4 froid, d’abord aux deux tiers, donnant la fraction 2, puis au 
quart, laissant la fraction 4. Toutes ces fractions sont ensuite sEchEes dans 
le vide. Les quantitEs, les P.L. et les P.M. des produits obtenus figurent 
au tableau III. 

Transposition du diindtne non saturt en diindtne saturt 

L’huile jaunitre visqueuse qui forme la fraction 2 (P.E. 160-175° C. 4 
2-3 mm.) dans la prEparation du “triindEne” n’a pas pu Etre amenEe 4 la, 
cristallisation, malgrE tous les essais de purification avec les solvants connus 
du diindEne non saturE. Ceci laissait prEvoir une certaine transformation 
que les mesures d’absorption de brome ont confirmEe: cette nuile contient 
une forte proportion d’un hydrocarbure saturE. 
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Cette constatation nous a amen! k 6tudier une transposition possible 
du diindlne non saturl en diindlne saturl (truxane). Afin de le confirmer, 
nous avons chaufffe 10 g. de diindlne non satur! en tube scell! k 185° et 215° C. 
pendant respectivement trois et quatre jours. Les produits de reaction ont 
6t6 distill6s (13 mm.) et les fractions de P.E. 206-207° C. ont 6t6 soumises 
k la bromuration avec les rlsultats indiquls dans le tableau IV. Dans le 
premier cas, il s’est form! en mime temps 2 g. de polyindlnes et dans le 
deuxilme 4.2 g. 

Les proprietls de ce diindlne satur! furent ensuite comparles avec celles 
du truxane synthltique de Stobbe et Zschoch (24): les deux produits semblent 
identiques (voir partie thlorique). Nous n’avons cependant pas encore 
r&ussi k les cristalliser, difficult! que Stobbe et Zschoch ont dljl signalle. 

Bromuration 

1. Preparation d’un derive bromi du “triindine ” 

On dissout 3 g. de “triindine” du P.L. 70° C. dans IS cc. de chloroforme 
et on y ajoute & 0° C. 1.5 g. de brome (quantitl calculle pour deux atomes 
par mol.-g.) dissous dans 10 cc. de chloroforme. On abandonne k froid 
pendant 24 h. II y a dlgagement d’acide bromhydrique. On Ivapore 
le chloroforme, on reprend par l’!ther (15 cc.) et on filtre le rlsidu: 0.5 g. de 
P.L. 160° C. Le filtrat precipit! graduellement par addition d’alcool et 
concentration partielle donne les quatre fractions suivantes: I. P.L. 145°, 
Br: 34.2%; II. P.L. 115°; III. P.L. 90°; IV. P.L. 80° C. Cette dernilre 
fraction ne contient que trls peu de brome. 

En reprenant la bromuration avec une quantitl de brome calculle pour 
six atomes, on obtient un meilleur rendement en fractions suplrieures, peu 
solubles dans l’lther. Aprls filtration, dissolution dans le benzine et pre¬ 
cipitation par addition d’alcool, on obtient une poudre jaune de P.L. 163- 
166° C. Br, 40.14% (calculi pour C 2 7 H 2 iBr 3 : Br, 40.99%). 

2. Determination de V absorption de brome 

On emploie la mlthode de Mcllhiney (12), pour diterminer k la fois le 
brome total consomme et le brome dlgagl sous forme d’acide bromhydrique. 
Les bromurations sont faites I l’obscurit! k des temperatures dltermin6es, 
avec des solutions 0.08 N, N/3 et N de brome dans le tltrachlorure de carbone 
anhydre, pendant 18 h. On titre alors le brome en excls avec le thiosul¬ 
phate de sodium iV/10 aprls addition d’iodure de potassium et on obtient la 
quantitl totale de brome consommle par difference avec un essai k blanc. 
On ajoute ensuite de l’iodate de potassium qui met en libert! l’iode correspon- 
dant k l’acide bromhydrique form!: en titrant de nouveau avec du thio¬ 
sulphate de sodium, on obtient la quantitl de brome substitul. Les rlsultats 
sont donnls dans le tableau IV. 

Les thermopolymlres employes pour la bromuration ont 6t6 prlparls 
par chauffage de l’indlne en tube scelll k 200° C. pendant trois jours, et 
purifies par dissolution dans l’6ther et precipitation par l’alcool. a. P.L. 
102° C. et P.M. 451. b. P.L. 160° C. et P.M. 885. 
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Le polyindfene provenant d’une d6composition pyrolytique d’un poly* 
indfcne sup6rieur a pr£par£ de la fagon suivante: On forme d’abord un 
polyindfene catalytique par reaction du pentachlorure d’antimoine sur l’ind^ne 
en solution chloroform6e et on le purifte par precipitation r6p6t6e d'une 
solution benz6nique par l’alcool absolu. P.L. 205° C., et P.M. 1354. On 
soumet ensuite ce polyind&ne k une distillation pyrolytique k 2 mm., suivant 
la m6thode de Whitby et Katz (30). Le distillat est fraction^ par nouvelle 
distillation en ind£ne, diind£ne et “triind&ne”. Le r6sidu de cette seconde 
distillation, repris par 1'ether et pr6cipit6 par l’alcool donne une poudte 
jaune de P.L. 120° C. et de P.M. 546. C’est cette fraction qui a et6 employee 
pour la mesure de l'absorption de brome. 

Les polyind&nes catalytiques ont 6t6 obtenus par polymerisation de l’in- 
dine avec du pentachlorure d’antimoine suivant la m6thode de Whitby et 
Katz (31) et avec l’acide sulfurique concentre suivant Kramer et Spilker (11). 
Le fractionnement a ete fait par dissolution dans le chloroforme et precipita¬ 
tion graduelle par l’alcool. 

Polyindfenes catalytiques par l'acide sulfurique: l&re fraction: P.L. 185° C. 
et P.M. 1357. 2ieme fraction: P.L. 168° C. et P.M. 1153. 

Polyindenes catalytiques par le pentachlorure d’antimoine: Avant fract. P.L. 
198° C. et P.M. 1146. iere fraction: P.L. 220° C. et P.M. 1860; 2ieme fract. 
P.L. 210-215° C. et P.M. 1537; 3ifcme fract. P.L. 180° C. et P.M. 1080; 
4ieme fract. P.L. 165° C. et P.M. 892. C’est la premiere fraction qui a seryi 
aux essais de bromuration dans chacun des deux cas. A titre de comparaison, 
quelques bromurations ont ete faites avec du chloroforme comme solvant. 

Autres preuves pour le caractire saturi du “trUndine" et des polyindines 

1. Essais d'addition de chlorure de nitrosyle 

a. Sur I’indine: On dissout 5 cc. d’indene dans 12 cc. d’acide ac6tique gla¬ 
cial et on y ajoute 6 cc. de nitrite d’amyle. On refroidit k 0° C. et on ajoute 
goutte k goutte un melange de 8 cc. d’acide chlorhydrique concentre et 8 cc. 
d’acide ac6tique glacial. On abandonne k froid pendant 30 min. La solution 
prend une teinte verd&tre et laisse deposer bientdt une abcmdante poudre 
cristalline. On filtre, on lave k l’alcool et on obtient ainsi 1.5 g. d’un produit 
incolore. On purifie par cristallisation d’un grand volume d’acetone. II y a 
cependant perte notable, due k l’instabilite du produit. P.F. avec d6conq&- 
position: 148-150° C.; Cl, 19.57% (calcuie pour C,H*NOCl: Cl, 19.53%). 

b, Sur le diindbie non saturi: On melange 5 g. de diindfcne avec 4 cc. 
de nitrite d’amyle et 12 cc. d’acide acetique glacial. On ajoute alors 4 0° 
goutte k goutte un melange de 3 cc. d’acide chlorhydrique concentre et 10 cc. 
d’acide acetique glacial. Au bout de 20 min., on verse le tout sur de la glace 
piiee et on extrait aussitOt k l’ether. On obtient ainsi une solution vert 
foncie. On decante l’extrait 6th6r6, on lave jusqu’& neutralisation avec uhe 
solution aqueuse k 5% de carbonate de sodium, on lave k l’eau, on s£che sur le 
chlorure de calcium et on filtre. On laisse evaporer l’6ther cmns le vide. On 
obtient ainsi une huile vert foilc6e, qui se montre trfes instable, car elle ae 
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transforme spontan£ment en une huile brune, visqueuse, qui ne se solidifie 
pas. II s’agit sans doute d’un nitroso-chlorure de diindene, parce que l’huile 
contient de l’azote et du chlore et que le produit vert donne en solution 
alcoolique avec du nitrate d’argent alcoolique un pr6cipit6 de chlorure d’argent 
et lib^re l’iode d’une solution d’iodure de potassium, reactions caract6ristiques 
des nitroso-chloru res. 

c. Sur le “triindine": Deux essais faits sur un “triindene” du P.L. 75° C., 
l'un dans les m&nes conditions que les pr6c6dentes, l’autre par dissolution du 
“triindene” dans le nitrite d’amyle et agitation au contact d’acide chlor- 
hydrique concentre, ne produisent aucun r£sultat positif: on r6cup£re le 
“triindene” non attaqu6. 

2. Essais de condensation avec le nitrite d’amyle 

a. Sur le “triindine” non fractionni, de P.L. 70° C. On dissout 3 g. de 
“triindene” dans 15 cc. d’6ther et on y ajoute 3 cc. de nitrite d’amyle. On 
verse ajors le tout goutte k goutte et avec agitation dans une solution al¬ 
coolique d’Ethylate de Na (5 g. de Na dans 100 cc. d’alcool 6thylique). On 
laisse au repos pendant quelques heures k temperature ordinaire, on verse 
dans l’eau, on acidule par l’acide chlorhydrique, on extrait au chloroforme, 
on s&che la solution chloroform 6e sur le chlorure de calcium, on filtre et on 
evapore le solvant. On reprend le r6sidu huileux par l’6ther de petrole. 
II se s6pare ainsi tr£s peu (0.15 g.) d’un produit qui, apr£s purification par 
lavage k l’6ther, dissolution dans le chloroforme et precipitation par l’ether 
de petrole, fond 4 200° C. Ce corps donne les reactions des composes iso- 
nitros6s et il correspond analytiquement au derive connu du diindene: N, 
5.13% (calcuie pour CisHnNO: N, 5.4%); P.M. ebullioscopiquement dans 
le chloroforme, 285 (calcuie: 262). P.F. du derive isonitrose connu du diin¬ 
dene, 201° C. Par evaporation de l’ether de petrole des eaux-meres, reprise 
par l’ether et precipitation par l’alcool, on r6cupere le “triindene” inaltere, 
P.L. 78-80° C. Le “triindene” ne reagit done pas avec le nitrite d’amyle, 
mais il contient un peu de diindene non satur6. 

b. Sur un thermopolymire de P.L. 102 0 C. et de P.M. 451. On traite 3 g. 
de ce thermopolymere par le nitrite d’amyle dans les m€mes conditions que 
pr6c6demment; il ne se forme que des traces d'un compose nitrose, consid6r6 
Comme derive du diindene non sature ou de l'indene, tandis que les poly- 
indenes inattaques sont recuperes. 

3. Essais de condensation avec la bemaldihyde et la para-dinUthyl-amino- 
benzaldihyde 

Ces condensations sont esfay£es en milieu alcoolique absolu (prealable- 
ment dess6che sur des tournures de calcium) avec 1’ethylate de sodium ou la 
potasse m6thyl-alcoolique comme agent de condensation, suivant les me- 
thodes de Thiele (26) et de Bemthsen (5); mais dans l’un et l’autre cas, le 
■"triindene” demeure inalt6r6. 
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4. Essais de polymerisation 

a. Par la chaleur: On chauffe 4 g. de “triindene" de P.L. 70° C. en tube 
scell6 pendant 8 et 15 jours 4 240°, 280° et 310° C. On additionne ensuite 
15 cc. d’ether, on laisse au repos pendant quelques heures & 0° et on filtre. 
La partie insoluble dans l’ether est reprise k chaud par un peu de benzene; 
il y a dissolution enttere (sauf dans le cas du chauffage 4 310° C. 04 on constate 
la presence d'une faible quantity de trux4ne insoluble) et cristallisation, par 
refroidissement, de la substance d4j4 mentionn6e: P.F. 213-214° C. La 
partie soluble dans l’Gther pr6cipite par addition de quatre fois son volume 
d’alcool et concentration partielle: on y r6cup4re le “triindene”. Les r6sultats 
plus d6taill6s sont reunis dans le tableau V, qui montre que la quantity de la 
substance de P.F. 214° C. form6e augmente avec la temperature et le temps 
de chauffage. A 310° C., la transformation est plus avanc6e, il y a une odeur 
piquante et une pression dans le tube; on ne r6cup£re plus alors de “triindene” 
par addition d’alcool k la solution 6ther6e. 

b. Par Vacide sulftirique concentre: On dissout 4 g. de “triindene” dans 
10 cc. de benzene et on y ajoute lentement et avec agitation 5 cc. d’acide 
sulfurique concentre. Il y a aussit&t coloration rouge intense. On laisse 
10 h. au repos. On refroidit k 0° C. et on y ajoute lentement 30 cc. d’alcool 
absolu qui provoque precipitation. On redissout dans 1’ether et on repr£- 
cipite par l’alcool. P.L. 74-75° C. et P.M. 367. 11 n’y a done pas eu poly¬ 
merisation. 

c. Par le pentachlorure d'antimoine: Action sur le “triindene” non fractionn6 

de P.L. 70° C.: A une solution de 4 g. de “triindene” dans 25 cc. de chloro- 
forme on ajoute 4 cc. d’une solution 4 20% du pentachlorure d’antimoine 
dans le chloroforme, on porte 4 40° C. pendant une heure et on laisse une 
nuit au repos. En traitant alors la solution 4 froid par quatre fois son volume 
d’alcool absolu, on obtient 1.5 g. de d6p6t brun, P.L. 110° C. En r6p6tant 
deux fois la meme operation (dissolution dans un peu de chloroforme et 
precipitation par addition de quatre fois le volume d’alcool), on obtient 
environ 0.5 g. d’une poudre jaune de P.L. 148-150° C. Par concentration 
des eaux-mdres de ces differentes precipitations, on r6cup4re la majeure 
partie du “triindene”, P.L. 80° C. Le produit de P.L. 148-150° C. repris 
(sur une plus grande 6chelle) par le chloroforme et repr6cipit6 graduellement 
par l’alcool a donne les trois fractions suivantes: I. P.L. 175° C. et P.M. 817; 
II. P.L. 155° C. et P.M. 673; III. P.L. 140-142° C. et P.M. 566. Le faible 
rendement obtenu laisse croire cependant que cette polymerisation n’est pas 
due au “triindene” lui-meme, mais bien 4 la faible quantite de diindene non 
sature qu’il contient. Le diindene, en effet, sous l’influence du pentachlorure 
d’antimoine se polymerise jusqu’4 un degrfe d’environ P.M. 1200 (30). On 
peut alors admettre que le peu de polym4re en question, obtenu en traitant 
le “triindene” de P.L. 70° C. par le pentachlorure d’antimoine, n’est qn’vn 
melange des produits de polymerisation du diindene non sature present 
comme impurete et des fractions polyind6niques superiei$es initialement 
presentes. ( 
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Action sur un “triindlne” dlbarrassl ie plus possible du diindlne non 
saturl: On dissout 0.5 g. d’une fraction triindlnique soigneusement prlparle, 
de P.L. 84-85° C., dans 5 cc. de chloroforme, on y ajoute 0.5 cc. d’une solution 
4 20% du pentachlorure d’antimoine dans le chloroforme et on laisse au repos 
pendant 18 h. On prlcipite alors par addition k 0° C. de 20 cc. d’alcool 
absolu. On filtre, on lave 4 l’alcool et on slche dans le vide. On obtient 
ainsi 0.28 g. d’un polyindlne de P.L. 93-95° C. Par concentration des 
eaux-mlres, on obtient un nouveau dlpdt (0.16 g.) de P.L. 85° C. On fait 
dans les mimes conditions un essai k blanc en dissolvant 0.5 g. du “triindlne” 
de P.L. 84-85° C. dans 5 cc. de chloroforme et en precipitant k 0° C. par 
20 cc. d’alcool absolu; on obtient ainsi aprls filtration, lavage et slchage 
0.20 g. d’un polyindlne de P.L. 89-90° C.; en concentrant les eaux-mlres, 
on rlcuplre 0.22 g. de P.L. 83-84° C. La hausse du P.L. dans les deux cas 
est done due uniquement au fractionnement par l'alcool, et non, dans le 
premier cas, k une polymerisation par le pentachlorure d’antimoine. Dans 
l’un et l’autre cas, on rassemble les deux fractions et on prend le P.M. du 
melange. Premier cas: traitement par le pentachlorure d’antimoine, P.M. 
408; deuxilme cas: essai k blanc, P.M. 392. , 

On fait de mime un essai de polymerisation par le pentachlorure d’anti¬ 
moine d’un “triindlne” prlalablement dlbarrassl du diindlne non saturl 
par reaction avec le nitrite d’amyle. Encore 1 k le resultat est nlgatif. 

5. Densitis et refractions moliculaires 

On determine la refraction mollculaire de l’indlne, du diindlne non sature, 
du “triindlne” et de quelques polymlres superieurs, en operant avec le 
rlfractomltre Abb6 et en utilisant la formule de Lorentz et Lorenz. Les 
mesures sont faites I 20° C. Les resultats sont donnes dans le tableau VI. 
Oxydation 

1. Avec le permanganate de potassium 

a. En milieu acide: On dissout 2 g. de “triindlne” de P.L. 74° C. dans 
25 cc. de benzine et on agite pendant huit heures avec une solution acide 
de permanganate de potassium k 2%. On ajoute ensuite assez d’anhydride 
sulfureux pour dlcolorer l’excls de permanganate. On dlcante la solution 
benzlnique surnageante et on l’agite avec une solution de carbonate de sodium 
k 5% dans le but d’extraire les acides (il n'y en a que des traces). La solution 
benzlnique concentrle, additionnle d’alcool absolu et de nouveau concentrle, 
donne un premier dlpdt de 0.4 g., P.L. 87-88° C., puis par Ivaporation plus 
avancle un second dlpdt de 0.24 g., P.L. 75-77° C. et iinalement par Iva¬ 
poration totale un rlsidu de P.L. inflrieur k 75° C. On rlcuplre ainsi diffl- 
rentes fractions du “triindlne” de dlpart. 

b. En milieu alcalin: On chauffe I Ibullition pendant quatre heures 1 g. 
de “triindlne” avec une solution aqueuse de permanganate de potassium 
(calculle pour un a tome-gramme d’oxyglne) et de potasse. La solution 
aqueuse ne se dlcolore pas et il ne se forme que trls peu de bioxyde de man- 
ganlse. Le “triindlne” rlsiste k 1’oxydation dans ces conditions. 
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2. Avec Vacids chromique 

On diesout 2 g. de "triindEne" de P.L. 75° C. dans 25 cc. d’acide acEtique 
glacial et on y ajoute 4 75° C. 3 g. d'anhydride chromique prEalablement dis- 
80 us dans de 1’acide acEtique. On laisse au repos pendant une nuit. On distille 
alors la plus grande partie de l’acide antique dans le vide, on dilue le rEsidu 
avec un grand volume d’eau et on extrait au benzene. On sEche sur le chlorure 
de calcium, on filtre et on Evapore le benzene. On obtient ainsi un produit 
rEsineux, rouge orangE. On le redissout dans l’alcool 4 chaud, on y ajoute 
0.5 g. de chlorhydrate de semicarbazide et 0.5 g. d’acEtate de potassium prEa- 
lablement dissous dans de l’alcool diluE. On porte 4 Ebullition pendant quatre 
heures. AprEs refroidissement, on obtient un faible prEcipitE (0.2 g.) d’un 
produit orangE de P.F. non net 120-123° C. qui ne contient cependant pas 
d’azote. On Evapore l’alcool des eaux-mEres et on lave le rEsidu avec un 
grand volume d’eau afin d’enlever 1’excEs de chlorhydrate de semicarbazide 
et d’acEtate de potassium. On obtient ainsi 1 g. d’un corps jaune de P.L. 
85° C., ne contenant que trEs peu d’azote et ne renfermant que des traces 
d’acides, parmi lesquels on peut caractEriser l’acide phtalique. II n'y a done 
pas eu formation d’a-hydrindone ou d’a-hydrindyl-hydrindone. 

L’oxydation rEpEtEe en portant 4 l'Ebullition la solution chromique-acEtique 
pendant six heures donne des rEsultats identiques aux prEcEdents. 

3. Avec Vacide nitrique (d, 1.25) 

Des Echantillons de “triindEne” et de polyindEnes thermiques et cata- 
lytiques sont portEs 4 l’Ebullition pendant trois 4 quatre heures avec 10 fois 
leur poids d’acide nitrique (d, 1.25). On laisse ensuite refroidir, on ajoute 
un volume Egal d’eau, on filtre et on lave abondamment 4 l’eau. Le pro¬ 
duit jaune orangE restE sur le filtre est repris par 1’acEtone dans laquelle une 
trEs faible partie est insoluble. P.F. > 425° C. Ce produit est insoluble dans 
les solvants ordinaires, il contient de l’azote, mais n’est pas de nature acide 
(N, 5.98%). Par addition d’un volume Egal d’alcool 4 1’acEtone et par 
Evaporation graduelle il prEcipite 4 volontE plusieurs fractions d’un produit 
azotE de nature acide, que Ton purifie par dissolution dans hr potasse ou 
l’ammoniaque diluE, filtration et reprEcipitation par 1’acide chlorhydrique 
diluE. AprEs filtration, lavage 4 l’eau et nouvelle purification par 1’acEtone 
et l’alcool, on obtient des produits dont les points de liquEfaction, les P.M. 
et les analyses sont donnEs dans le tableau VII. Ces produits sont insolubles 
dans l'Ether et le benzEne, peu solubles dans le chlorofprme et trEs solubles 
dans f’acEtone. D’aprEs la rEaction de Konovalow, nEgative, les groupements 
NO* doivent Etre fixEs sur des anneaux aromatiques. 

Les eaux-mEres aqueuses, neutralisEes par la soude et de nouVfeau acidulEes 
par l’acide chlorhydrique diluE, sont EvaporEes 4 sec. On peut extraire 
l’acide phtalique du rEsidu par l’alcool absolu et le purifier par sublimation. 
On constate que les rendements en acide phtalique sont plus forts pour le 
“triindEne" que pour les polyindEnes catalytiques. 
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Deux grammes de diindEne non saturE oxydE dans les mEmes conditions 
donnent 0.25 g. d’un produit nitrE analogue au prEcEdent. P.M. 390; N, 
7.19%. Les eaux-mEres donnent par Evaporation un rEsidu en majeure 
partie constituE par de Tacide phtalique. 

Deux grammes de diindEne saturE, provenant de la transposition du diin¬ 
dEne non saturE k 215° C., foumissent les mEmes produits d’oxydation, avec 
cependant un peu plus de produit azotE (0.32 g.). 

Le truxane synthEtique se comporte de la mEme fayon. 

4. Avec le melange nitrique-sulfurique 

Des Echantillons de polyindEnes thermique et catalytique (acide sulfurique) 
sont portEs k T Ebullition avec 60 cc. d’un mElange k parties Egales d’acide 
nitrique concentrE et d’acide sulfurique concentrE. Une grande partie des 
polyindEnes entre en solution. On filtre sur de l’amiante, on lave, on sEche 
et on purifie le produit acide et azotE comme dans le cas prEcEdent. Les 
constantes et les analyses sont donnEes dans le tableau VIII. Par addition 
d’eau au filtrat, il prEcipite une trEs faible partie des mEmes produits. Les 
eaux-mEres ne contiennent pratiquement pas d’acide phtalique. 

t 

Essai de dihydrogSnation catalytique du trimire de I'indine 

Le noir de palladium activE est prEparE par rEduction du chlorure de 
palladium avec Tackle formique en milieu alcalin (25). 

On chauffe 1 g. de “triindEne” de P.L. 74° C. avec 0.3 g. de noir de 
palladium fraichement activE pendant six heures k 300-310° C. en tube scellE. 
On traite alors par un peu d’Ether pour dissoudre le “triindEne” non attaquE, 
on filtre et on lave k TEther. On traite le rEsidu par un mElange d’acide 
nitrique et chlorhydrique diluEs pour dissoudre le palladium; il reste ainsi 
0.24 g. de la substance de P.F. 214° C., que Ton purifie par recristallisation 
du benzEne. Un essai k blanc dans les mEmes conditions sur un autre gramme 
de “triindEne”, mais sans catalyseur, foumit 0.22 g. de la mEme substance. 
Il n’y a done pas eu de dEhydrogEnation catalytique. 

Didoublement pyrolytique du “ triindine ” 

On chauffe 10 g. de “triindEne” de P.L. 70° C. k pression ordinaire sur un 
bain d’alliage Wood. On note la tempErature du bain et celle du liquide 
dans le ballon. Le “triindEne” ne commence pas k se dEpolymEriser avant 
d’avoir atteint une tempErature de 335° C. pour le bain et 325° C. pour le li¬ 
quide. La dEpolymErisation devient plus active k une tempErature lEgEre- 
ment supErieure. On chauffe ainsi pendant trois heures. On recueille 
comme distillat 3-4 g. d’un liquide qui a l’odeur de TindEne et qui bout k 
179-180° C. par redistillation. On fait ensuite le vide et il passe k 140- 
150° C-, sous 2 mm., environ 1 g. d’une huile visqueuse de laquelle ne peut 
Etre isolEe qu’une faible quantitE de Ta-hydrindyl-indEne (P.F. 55° C.), 
la majeure partie de Thuile Etant constituEe de diindEne saturE. Le rEsidu 
dans le gallon k distillation est traitE par 25 cc. d’Ether qui n’en dissout 
que trEs peu. On filtre et on ajoute de Talcool absolu au filtrat. Il prE- 
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ciplte ainsi 0.5 g. d'un corps jaune de P.L. 74-75° C. et de P.M. 365 ("triin- 
dfene” non transform^). La partie insoluble dans l’6ther est reprise par 
50 cc. de benzene k chaud. On filtre et il prdcipite par refroidissement 
2.0 g. d’un corps jaune pile, qui, apr£s recristallisation, fond k 214° C. (sub¬ 
stance d6j& mentionn£e). La partie insoluble dans le benz&ne (1 g.), apr&s 
plusieurs lavages au benzene, ne fond qu’4 350° C. et est consid6r£e comme 
truxfene. 
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THE SUBSTITUTION OF METHYLENE BLUE THIOCYANATE 
FOR METHYLENE BLUE CHLORIDE IN THE 
REDUCTION TEST OF MILK 1 

By H. R. Thornton 2 , R. B. Sandin* and C. S. Miller 4 

Abstract 

Methylene blue thiocyanate has been found to be superior to methylene blue 
chloride in the reduction test for bacteriological quality of milk, because the 
thiocyanate is easily prepared in a state of purity approaching 100%. 

The widespread use of the methylene blue reduction test on this continent 
necessitates the frequent duplication of the standard methylene blue chloride 
tablets certified for this test by the Commission on Standardization of 
Biological Stains. The reproducibility of a dye involves purification or at 
least determination of purity. The difficulties encountered in such procedures 
in the case of methylene blue chloride are serious (1). 

At the request of the chairman of the Commission on Standardization of 
Biological Stains, the authors undertook the present investigation in an 
attempt to develop improved standards for the methylene blue reduction 
test. Since it crystallizes readily from aqueous solution without water of 
crystallization, methylene blue thiocyanate seemed to offer possibilities as a 
substitute for methylene blue chloride in this test. 

Preparation and Analysis of Methylene Blue Thiocyanate 

The exhaustive and excellent work of Clark, Cohen and Gibbs (1) has shown 
that methylene blue chloride is difficult to purify. Various samples prepared 
by these workers contained excess chlorine and excess sulphur, and gave 
evidence of small percentages of electromotively active impurities. Drying 
was found to destroy progressively the characteristic properties. They even 
suspected slight denaturation when desiccation was carried out at low 
temperatures. 

The work of Drew and Head (4) indicates that methylene blue thiocyanate 
might have some properties superior to those of the chloride. They report 
that “Methylene-blue thiocyanate was obtained from the chloride and KCNS 
in lustrous needles which occurred in two. forms: (1) golden-brown (Found: 
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C, 59.0, 59.0; H, 5.35, 5.35. CnHw^S* requires C, 59.6; H, S.2$%); 
(2) beetle-green (Found: C, 58.95; H, 5.3%). The two forms separated 
from the same mother-liquor.** One important fact is that it crystallizes 
from aqueous solution readily, apparently with no water of crystallization or 
water of constitution. Such is not the case with the methylene blue chloride, 
some of the purest samples of which are only 89% pure with respect to total 
dye content. Because of this the thiocyanate seemed to offer possibilities as 
a substitute for methylene blue chloride in the methylene blue reduction test. 

In order to obtain some idea regarding the nature of thiocyanates made 
from different samples of methylene blue chloride obtained from various 
manufacturers, a series of thiocyanates was prepared. The thiocyanate in 
every case was prepared from a hot aqueous, nearly saturated solution of the 
chloride, which was then filtered while still hot. To the hot filtrate was added 
a slight excess of pure potassium thiocyanate. On cooling, beautiful crystals 
of the methylene blue thiocyanate separated. They were filtered by suction, 
washed thoroughly with cold water, and air dried at 50° C. In a few cases 
crystallization from hot water was carried out three or more times. A 
sufficient number of data have not yet been accumulated to indicate the 
extent of purification that can be accomplished by repeated crystallization. 

Analysis of the various products was carried out by means of a titanous 
chloride titration, which gave the total dye content. The titanous salt 
solution was made from the 15% aqueous solution and diluted to approxi¬ 
mately 0.05 N. It was stored in an apparatus similar to that of Thornton 
and Chapman (8) and preserved under hydrogen. It was standardized twice 
daily against pure ferrous ammonium sulphate, which had been oxidized by 
N /50 potassium permanganate. The actual titration was carried out in a 
250 cc. Erlenmeyer flask fitted with a three-hole rubber stopper. One hole 
was for the tip of the burette and the remaining two were for the entrance 
and exit of nitrogen gas, which was passed through the solution during the 
titration. The nitrogen used was tank nitrogen supplied by the Ohio Chemical 
Company It was thoroughly freed from oxygen by passing it through 
alkaline pyrogallate and then through 50 cm. of reduced copper gauze con¬ 
tained in a Pyrex tube which was heated electrically. 

Table I gives some of the data obtained by the foregoing analytical procedure. 
The results are the average of two or more closely agreeing determinations. 


TABLE I 

Comparative total dye contents of samples of methylene blue chloride 

AND METHYLENE BLUE THIOCYANATE 


Sample 

1 

2 

3 

4 

5 

6 

7 

Total dye content 
as the chloride, % 

87 

87.2 

80.3 

79.9 

85 5 

59 3 

87.5 

as the thiocyanate, % 

99.7 

101.3 

101.1 

100.6 

100 1 

99.5 

99.8 


An inspection of this table indicates the feasibility of converting a chloride 
of low dye content to a thiocyanate of virtually 100% total dye content. 
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It must be noted here that an analysis such as that described will not 
necessarily indicate the presence of small quantities of undermethylated 
products. For that reason the absorption curves of some of the methylene 
blue thiocyanates were determined by the Hilger-Nutting spectrophotometer. 
Undermethylated products can be determined readily with this instrument. 

The measurements were made with a standard Hilger wave-length spectro¬ 
meter provided with a Nutting photometer. The light source was a d.-c. 
Pointolite lamp. The solutions of methylene blue thiocyanate used were 
made by diluting an aqueous 0.02% solution 40 times with water. The con¬ 
centration of the solution is important, since Holmes (5) has shown that in 
the case of a dye such as methylene 


blue chloride, the absorption changes 
with the concentration. Readings were 
taken using a 2 cm. layer. 

Conn (3, p. 64) gives the absorption 
maximum of methylene blue chloride, if 
pure, as about 667. Holmes and Peterson 
(6) have shown definitely that absorption 
ratios* will enable the analyst to identify 
dyes conveniently and afford information 
respecting their purity. These workers 
show that for methylene blue chloride the 
absorption ratio is 0.59. It would be ex¬ 
pected that in the case of the thiocyanate 
the absorption curve, the maximum and 
the absorption ratio would be similar to, 
if not identical with, those of the chloride. 
Such is the case and a typical absorption 
curve of a thiocyanate is shown in Fig. 1. 
The absorption maximum is about 661 and 
the absorption ratio is 0 61. 



Fig. 1 . Absorption curve of methylene 
blue thiocyanate. 


Reduction Times in Milk 


The methylene blue chloride used in the reduction test technique was in 
the standard tablet form, and Standard Methods of Milk Analysis (A.P.H.A., 
1929) was followed. One part of methylene blue thiocyanate was added 
to 666,666 parts of milk, giving a depth of blue approximating that observed 
in tHe standard test. In each case a modified technique supplemented the 
standard test. This modification—the tubes were shaken hourly during 
incubation—tends to eliminate gross variations in the reduction times of 
replicate samples (9). The reduction times are reported in hours and minutes 
—thus 6:15 means 6 hr. and 15 min. It is probable that the reading of sueh 
color tests is frequently not accurate to within 15 min., especially in the 
analysis of the higher grade milks. t, 

•The term absorption ratio is the ratio of the extinction coefficients at two specific wave-lengths, 
via., 635 mp and 66s mp for methylene blue chloride. 
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TABLE II 

Comparative reduction times of methylene blub 

CHLORIDE AND METHYLENE BLUE 
THIOCYANATE IN MILK 


Milk 

No. 

Standard 

Modified 

Chloride 

Thio¬ 

cyanate 

Chloride 

Thio¬ 

cyanate 

1 

6:15 

6:05 

4:30 

4:30 

*2 

7:05 

7:04 

5:30 

5:30 

3 

7:15 

7:15 

4:45 

4:45 

4 

7:15 

6:15 

4:30 

4:30 

5 

7:45 

7:15 

6:00 

5:55 

6 

7:45 

7:15 

5:45 

5:45 

7 

7:45 

7:45 

5:00 

5:00 

8 

8:00 

7:55 

6:45 

6:45 

9 

8:00 

8:00 

6:45 

6:45 

10 

9:15 

9:45 

7:30 

7:20 

11 

9:30 

9:15 

7:00 

7:00 

*12 

9:57 

9:23 

6:30 

6:30 

Average 

7:59 

7:46 

5:53 

5:51 


*Average for five determinations. 


The standard reduction 
times for the 12 milks listed 
in Table II show an average 
difference of 13 min. between 
the reduction time of the 
chloride and that of the thio¬ 
cyanate. This is within the 
experimental error for this 
grade of milk, which statement 
is confirmed by the average 
difference of two minutes 
when the modified technique 
was employed. These data 
show that in this concentra¬ 
tion methylene blue thio¬ 
cyanate may be substituted 
for the present methylene blue 
chloride with no resultant 
changes in reduction times. 


Oxidation-Reduction Potentials in Milk 

The fact that in the same approximate concentrations in milk, methylene 
blue thiocyanate and methylene blue chloride reduction times are identical 
suggests that, 

(a) The oxidation-reduction potential range over which the thiocyanate 
is reduced in milk closely approximates that over which reduction of the 
chloride is effected. 

(b) The poising effects of the two dyes are not essentially different. 

( c) Their lethal actions are similar. 

So little is known of the lethal effect of methylene blue chloride in milk 
that it is at present impossible to compare the antiseptic or disinfectant 
properties of the two salts. Increased concentration of either results in a 
lengthening of the reduction time, and it is believed that this is due partly 
to lethal and color effects and partly to poising. 

For the measurement of oxidation-reduction potentials in milk the usual 
apparatus, which included a Leeds and Northrup Type K2 potentiometer, 
a saturated calomel half-cell and platinum electrodes, was employed. Poten¬ 
tials in milk were measured at a temperature of 37° C. ± 0.5°. Time- 
potential curves, shown in Fig. 2, represent the potentials set up at electrodes 
in two tubes of the same milk, one containing methylene blue chloride in 
the standard concentration, and the other, methylene blue thiocyanate in a 
concentration of 1 :300,000. Despite this high concentration of the thio¬ 
cyanate the poising effect was no greater than that of the standard dye. 
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Fig. 2. Time-potential curves of methylene blue chloride and methylene blue 
thiocyabate in milk. 

Because the potentials set up at an electrode immersed in a tube of milk 
are frequently not representative for the entire contents of the tube, it was 
impossible to determine with accuracy the potential range over which reduc¬ 
tion took place in milk. All observations pointed to the reduction of thio¬ 
cyanate over the same approximate range as that of the chloride. 

Oxidation-Reduction Potentials in Aqueous Solutions 

A study of the oxidation-reduction potentials of methylene blue thiocyanate 
in aqueous solutions was also of importance. This work was carried out 
with the standard equipment already described in the section on oxidation- 
reduction potentials in milk. It should be mentioned here that a high degree 
of accuracy, such as that obtained by previous workers (1) with chloride 
systems, is not claimed. 

Potentials in aqueous systems were determined by a titanous chloride tit¬ 
ration of 0.0002 M thiocyanate solutions, taking all the precautions already 
mentioned. To keep the pH as constant as possible, the acidity of tiie 
titanous salt solution was determined, and then sufficient 0.5 M hydrochloric 
ocid ( was added to a known amount of the dye solution to make a solution 
of exactly the same acidity as that of the titanous salt solution. However, 
this procedure does not necessarily ensure a constant pH, but it is believed 
by tiie authors that for this work it is sufficiently accurate. Again, the 
reader’s attention is called to previous work in this field (1, 2, 7). It is 
hoped to repeat this work using highly buffered solutions containing known 
amounts of reductant and oxidant, the reduced solution being obtained by 
the use of hydrogen and a platinum catalyst. ' 
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In Fig. 3 are shown two 
typical curves representing 
the titration of 0.0002 M 
solutions of the chloride 
and thiocyanate, 0.2094 
M with respect to hydro¬ 
chloric acid, at 25° C. ± 
0.1°. The half-cell was 
a saturated calomel elec¬ 
trode. From these curves 
the end point of the titra¬ 
tion is determined. In 
Fig. 4, the per cent reduc¬ 
tion for the two solutions 
is plotted against E h . The 
Eh value at 50% reduction 
gives the JS» at a pH that 
is approximately 0.7, as 
determined by the hydro¬ 
gen electrode. Both the 
chloride and thiocyanate 
give £o values that are al¬ 
most identical, viz., 0.467 
volts. 



Fig. 3. Electrometric titration curve for methylene blue 
chloride and methylene blue thiocyanate. 



Fig. 4. * Degree of reduction-potential curves for methylene blue chloride and methylene blue 

thiocyanate. 
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Methylene Blue Thiocyanate as a Stain 

Methylene blue thiocyanate has been substituted for methylene blue 
chloride in the usual staining procedures in a course in general bacteriology 
without any observed disadvantages. These techniques, however, did not 
depend upon polychrome properties of the dye. The thiocyanate has been 
used extensively as a stain in the Breed method of preparing milk smears, 
and is preferred for this purpose because of the absence of troublesome preci¬ 
pitates. Solubility studies have not been made, but it has been observed 
by the authors and others that the thiocyanate salt is considerably less 
soluble in both water and alcohol than is the chloride. 

Summary 

The standardization of the methylene blue reduction test for bacteriological 
quality in milk requires the use either of an easily purified dye or one the 
purity of which is easily determined. Methylene blue thiocyanate is prefer¬ 
able to methylene blue chloride for this test because:— 

1. Methylene blue thiocyanate is easily prepared in a state of purity 
approaching 100%, as shown by titanous chloride titration and spectro- 
photometric measurements. 

2. It reduces over the same oxidation-reduction potential range as the 
chloride when in aqueous solution and probably when in milk. 

3. The poising and lethal effects of the two dyes are not essentially different. 

4. When present in approximately equal concentrations, the two dyes have 
the same reduction times in milk. 
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THE NON-PROTEIN NATURE OF A FRACTION OF 
SOIL ORGANIC NITROGEN 1 

By A. W. J. Dyck* and R. R. McKibbin* 


Abstract 

It is shown that not all the nitrogen in organic soils is determinable by the 
Kieldahl method. In every sample tested the Dumas method gave a con¬ 
siderably higher percentage of nitrogen. 

The differences in nitrogen content, as shown by the two methods, vary from 
6.4 to 29.6%, hence it is believed that an appreciable fraction of the soil organic 
nitrogen may be of non-protein nature. 


Introduction 

Two processes are apparent in the soil: (i) the process of formation of soil 
organic matter by the decomposition of plant residues and the subsequent 
accumulation of the decomposition products; (ii) the process of destruction 
of soil organic matter. 

In the process of decomposition of plant residues, the loss of carbon exceeds 
that of nitrogen, and soil organic matter is considerably higher in nitrogen 
than the original plant materials. Plants varyr widely on different soils 
qualitatively and quantitatively; their decomposition is brought about by 
die action of various micro-organisms under different climatic conditions; 
hence qualitative differences in the composition of soil organic nitrogen com¬ 
pounds may be assumed, a priori . 

The importance of obtaining knowledge of the forms in which organic nitro¬ 
gen exists in soils is obvious. It was thought that a comparison between 
the nitrogen content of soils obtained by the standard Kjeldahl and Dumas 
methods might be of value, and possibly could point to the nature of the 
nitrogen compounds in the soils. 


Review of Literature 

It is believed by many workers that soil organic nitrogen exists largely or 
totally in the form of proteins. Schmuk* believes that 60-80% of the 
total nitrogen in the soil belongs to the protein fraction. Remesow and 
Werigina (3) report that all the nitrogen which is hydrolyzed by hydro¬ 
chloric acid is of protein 
nature. They base their 
conclusions on the analogy 
of the nitrogen distribution 
in proteins and the hydro- 
lyzates of chernozem and 
brown earth soils. 



Amido 

Mono- 

Diamino 


nitrogen 

amino 

nitrogen 

nitrogen 

41 Protein” 

9 

67.32 

25.2 

Soil hydrolyzate 

9.6 

66.9 

23.4 


Laterite soils according to Remesow and Werigina (3) do not show this 
analogy. 

1 Original manuscript received May 29 , 1935. 

Contribution from the Faculty of Agriculture of McGill University , Macdonald College , 
P.Q., Canada. Macdonald College Journal Series No. 62. 

* Research Assistant. 

* Assistant Professor of Agricultural Chemistry , Macdonald College. 

*See Reference fjj, 
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The fact that not all of the nitrogen in soils is hydrolyzed by mineral acids 
has often been brought forward as an argument that a considerable fraction 
of this nitrogen is of non-protein nature, but is present in the form of ring 
nitrogen compounds. 


Waksman and Iyer (6) prepared artificial humus from casein and lignin, 
and compared the extent of 

hydrolysis of these prepara- TABLE I 

tions with that of natural 
humus. Table I shows their 
results. 

It may be seen from the 

Unhydro¬ 

lyzed 

residue 

Per cent of 
protein 
nitrogen 
hydrolyzed 

table that natural humus is 

intermediate between H-ligno- Casein 
. , Lignin 

protemate and Ca-ligno-pro- H-lipio-proteinate 

teinate, and thus behaves in Ca-ligm^proteinate 
, , « Humus from peat 

the same manner as the arti- 

6.8 

94 3 

89.3 

80.3 

83.0 

80.6 

3.2 

32.9 

20.2 

29.9 

ficial “humus” preparations. 


The behavior of artificial humus preparations toward acetyl bromide, 
according to Waksman and Iyer (6), is analogous to that of natural humus. 
They found that whereas proteins are completely, and lignin almost com¬ 
pletely, dissolved by acetyl bromide, the artificial humus preparations, like 
natural humus, were attacked only to a limited extent. Their conclusion 
is that the non-hydrolyzed nitrogen fraction belongs to the proteins bound in 
some stable lignin complex. 

Other workers have recognized the non-protein nature of a part of the soil 
nitrogen. Snyder and Potter (5) report an “unknown soluble non-protein 
nitrogen fraction.” They estimated the amount of this fraction as 96-99% 
of the total nitrogen extractable by a 1% solution of hydrochloric acid. 
Dragunow (1), working on peats, reports complete absence of the diamino 
nitrogen fraction in the hydrolyzates. 

It is well known (2, 4) that the nitrogen in compounds such as pyridine, 
quinoline, and their derivatives, and in certain compounds where nitrogen 
is linked to nitrogen, is not accounted for by the Kjeldahl method. It would 
follow, therefore, that, if such compounds are present in the soil in con¬ 
siderable amounts, the Dumas method for nitrogen determination should 
give higher results than the Kjeldahl, 

Mdterials Experimental 

The samples analyzed were taken from widely different locations in the 
province of Quebec. 

Methods 

Nitrogen determination by the Kjeldahl method, (a) To 2-gm. samples of 
the soil, 7 gm. of a mixture of 5% copper sulphate (pentahydrate) and 95% 
potassium sulphate was added, and the whole digested wfra 30 cc. of con¬ 
centrated sulphuric acid for 2-3 hr. The ammonia was distilled into 0.1 N 
hydrochloric acid solution. 
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(b) In the case of the hydrolyzates, 10 cc. was measured out into a Kjeldahl 
flask, 7 gm. of a mixture of 5% copper sulphate (pentahydrate) and 95% 
potassium sulphate, and 25 cc. of concentrated sulphuric acid were added. 
The whole was digested 2-3 hr., and the ammonia distilled into 0.01 N 
hydrochloric acid solution. 

Nitrogen determination by the Dumas method, (a) A portion (0.3 gm.) of 
the finely powdered sample was mixed with 5 gm. powdered cupric oxide 
and ignited in a Vitreosil tube 36 in. long, the usual precautions being 
strictly observed. 

( [b ) In the case of the hydrolyzates, 2 cc. of the solution was measured from 
a microburette into the boat containing the cupric oxide. The combustion 
was carried out much more slowly, as a disproportionate amount of steam was 
being evolved. 

Blank determinations on 0.3 gm. of sucrose gave 0.15 cc. nitrogen gas. 
This value was subtracted from the volume of nitrogen collected in each of 
the above determinations. 

Hydrolysis. A portion (100 gm.) of the soil was refluxed for 20 hr. with 500 
cc. of 20% hydrochloric acid solution. The mixture was poured into a BUchner 
funnel and filtered with moderate suction. The first part of the filtrate usually 
came through turbid and had to be refiltered. The residue was washed five 
times with 50-cc. portions of hot 20% hydrochloric acid solution, followed by 
washing five times with 50-cc. portions of boiling distilled water. The filtrate 
was made up to one litre with distilled water, and the nitrogen determined as 
shown above. 

The non-hydrolyzed fractions were dried in an oven at 100° C. and weighed. 
They were then ground to a fine powder and the nitrogen determined as 
shown above. 

Results 

Tables II and III show the results obtained. 

TABLE II 


Soil 

% nitrogen, 
Kjeldahl 
method 

% nitrogen, 
Dumas 
method 

Soil 

% nitrogen, 
Kjeldahl 
method 

% nitrogen, 
Dumas 
method 

Surface soil muck 



Subsoil muck 



1 

1.28 

1.56 

13 

1.50 

1.65 

2 

1.42 

1.98 

14 

15 

2.40 

1.76 

3.41 

2.00 

3 

1.34 

1.91 

16 

1.86 

2.16 

4 

2.47 

3.28 

17 

1.89 

2.50 

5 

1.88 

2.01 

18 

2.20 

3.12 

6 

2.21 

2.70 

19 

20 

2.62 

2.15 

3.63 

2.76 

7 

1.91 

2.21 

21 

1.43 

1.62 

8 

2.54 

2.78 

22 

2.17 

2.57 

9 

2.69 

2.94 

23 

1.83 

2.48 

10 

1.63 

2.02 

Raw humus 



11 

1.50 

1.82 

24 

1.47 

1.92 

ft 

2.07 

2.54 

25 

1.52 

1.86 


l 


26 

1.43 

1.68 
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TABLE III 


Soil 

% 

nitrogen, 

Kjeldahl 

. % 

nitrogen, 

Dumas 

Ns expressed as % of total Dumas 
nitrogen of soil 

Nj of hydrolyzate 

Ns of residue 



Kjeldahl 

Dumas 

Surface muck 

■mi 






1 

■ii 

1.56 

52.37 

64.59 

26.44 

36.73 

2 


1.98 

50.28 

68.40 

22.05 

31.28 

3 

1.54 

1.91 

58.29 

73.21 

24.53 

27.76 

Subsoil muck 







13 

1 50 

1.65 

58.17 

64.19 

28.82 

36.36 

22 


2.57 

57.80 

69.39 

21.49 

30.64 

23 


2.48 

50.31 

63.40 

29.60 

36.19 

Raw humus 







24 

1.47 

1.92 

58.35 

80.20 

18.46 

18.99 

25 

1.52 

1.86 

64.40 

74.49 

14.36 

25.16 

26 

1.43 

1.68 

65.35 

80.12 

19.37 

19.49 


Discussion 

The results in Table I show that there are considerable differences in the 
percentages of nitrogen in organic soils as determined by the Kjeldahl and 
the Dumas methods. In the soils examined 6.4-29.6% of the total nitrogen 
is non-determinable by the Kjeldahl method. It is not the authors’ intention 
to attempt to prove or disprove the protein nature of the fraction which i9 
determined by the Kjeldahl method, but it would seem that that fraction 
which can be determined only by the Dumas method cannot very well be 
classed in the ordinary sense as “protein” nitrogen, because of its enormous 
stability toward sulphuric acid digestion. This fraction might exist as ring 
nitrogen or as nitrogen in the form of some stable compounds in which nitro¬ 
gen is linked to nitrogen. 

The question might occur as to whether Waksman’s “ligno-protein complex”, 
which is stable toward mineral acid hydrolysis, may not be responsible for 
the difference. However, upon inspection of Table III, it will be seen that 
there is a difference between the nitrogen contents of the hydrolyzates as well 
as between those of the non-hydrolyzed residues. Furthermore, there are 
two cases, the raw humus samples numbered 24 and 26, where the nitrogen 
content of the non-hydrolyzed fraction, determined by the Kjeldahl method, 
id equal to that of the Dumas method. This appears to exclude the likelihood 
that Waksman’s “ligno-protein complex” is the cause of the difference in 
nitrogen content shown by the two methods. 

It seems obvious that the nitrate nitrogen should have no effect on the 
difference. In the extreme case, owing to the small amounts present in 
these soils, it would account for only a negligible fraction of the soil nitrogen. 
In soils with a carbon content of 0.8% or higher, it is behaved that all of the 
nitrate nitrogen is determine^ by the ordinary Kjeldahl method. The carbon 
content of the soils studied far exceeds the 0.8% limit. 
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From the results it will be seen that the Dumas method gives higher results 
for nitrogen in the hydrolyzates. 

The conclusion of Remesow and Werigina, that the nitrogen compounds 
in the hydrolyzates are 100% amino acids, is believed to be invalid. 

Similarly, the Dumas nitrogen values of the non-hydrolyzed fractions, 
except in two cases, indicate that this fraction is not, as Waksman and Iyer 
believe, wholly of protein nature. 
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SOME CONSTITUENTS OF THE SAP OF THE SUGAR MAPLE 
(ACER SACCHARUM , MARSH .) 1 

By G. H. Findlay 2 and J. F. Snell 8 

Abstract 

Skazin’s observation that maple flavor is not present as such in sugar maple 
sap but develops at boiling temperatures (100-104° C.) has been confirmed. 
Levorotatory glucosides cannot be detected in sap concentrated to 1/150 its 
volume, and are therefore probably not present in amounts exceeding 1 gm. 
(calculated as coniferin) per 50 litres. In maple wood, pyrocatechol tannins were 
detected but no alcohol-soluble glucosides. The sap contains succinic acid, a 
glucosidase, an unsaponifiable oil, a water-soluble substance melting at 191.5° C.* 
and haying the composition C 11 H 21 O 9 , and an acetone-soluble substance giving 
lignin-like color tests. Maple flavor could not be developed in any individual 
constituent of the sap. 

Introduction 

Attempts to associate the characteristic flavor of maple syrup and maple 
sugar with a definite constituent have been only partially successful. Nelson 
(8) and also Skazin and Snell (14; 15, p. 56) have reported the isolation 
in minute quantity of an aldehyde resembling vanillin in its odor, and have 
described some of its properties. They have extracted a larger quantity of 
an unstable phenolic substance which appeared to be chiefly responsible for 
the flavor. Risi and Bois (10, 11) have expressed the opinion that the aroma 
is due to a substance of rather saturated nature (less readily oxidized by per¬ 
manganate than is malic acid), and Labrie (7), working under Risi (12), con¬ 
cluded that the flavoring principle was identical with the material “hadromal,” 
obtained from w r ood by Czapek (4) and Hoffmeister (6), and associated by 
the last-mentioned with ferulic aldehyde, the aldehyde of coniferyl alcohol. 
The standing of hadromal as a chemical compound has not been definitely 
established (5, 9), though Combes (3) attributed certain histological behavior 
of lignified tissue to it, and Labrie inferred from odor and absorption spectrum 
observations that it could be synthesized from vanillin, guaiacol and sucrose 
(through furfural). 

Development of Maple Flavor 

It was demonstrated by Skazin (14) that the characteristic flavor of maple 
syrup and sugar is not present in the sap, but is developed during the boil¬ 
ing. The authors have confirmed this conclusion. The evidence is as follows: 

1. Concentration of sap at temperatures lower than the boiling point— viz., 
by vacuum distillation or by partially freezing out the water and completing 
the concentration in vacuo —produced a syrup with a mild flavor resembling 
that of watermelons rather than the true maple flavor. 

1 Manuscript received August 10 , 1035, • 

Contribution from the Chemistry Department of Macdonald College , Macdonald College 
P.0,, Quebec , Canada . Macdonald College Journal Series No, 67, 

The experimental results are presented in more detail in a thesis submitted in September, 
1934 , in conformity with the requirements for the degree of Doctor of Philosophy in McGill University, 

1 Canadian Industries Limited , Beloeil , Que,, formerly Assistant m Chemistry , Macdonald 
College . 

* Professor of Chemistry , Macdonald College. 

* All melting points are corrected. 
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2. Refluxing at atmospheric pressure developed true maple flavor in the 
syrup prepared as described above. 

3. Heating the vacuum-produced syrup to 105° C. in a sealed tube caused 
development of true maple flavor. 

4. Refluxing of sap at atmospheric pressure, followed by vacuum con¬ 
centration, produced a syrup of true flavor. 

5. Extraction of sap with ethyl acetate followed by concentration of the 
aqueous layer under atmospheric pressure produced a syrup without maple 
flavor. 

6. Extraction of maple syrup with ethyl acetate did not remove the maple 
flavor, showing that it must be a precursor of the flavoring principle, and not 
the principle itself, that dissolves in the acetate. 

7. Concentration of maple sap to dryness in vacuo yields a yellowish white 
product of woody flavor. Heated to 100° C. for one to two hours, this product 
develops a light brown color and the maple flavor. 

Search for Glucosides 

That the development of the flavor from its precursor is not an oxidation 
process is evidenced by the fact that as good a flavor can be developed in an 
atmosphere of carbon dioxide as in the air. In preliminary (unpublished) 
work in this laboratory, E. E. Massey also produced the flavor by refluxing 
vacuum-produced syrup in an atmosphere of hydrogen, while heating such 
syrup with one-tenth its volume of 3% hydrogen peroxide in a sealed tube 
produced a flavor different from that of maple syrup. 

The possibility that the flavoring substance might be liberated from a 
glucosidic compound by hydrolysis suggested itself. Examination of the 
data of Bryan (2) revealed no correlation between flavor and invert sugar 
content. An equal number of syrups of the lowest invert sugar content were 
classified by him as of "good” and of “mild” flavor, and the same holds true 
of the syrups of high invert sugar content. Moreover, the one syrup amongst 
his 481 in which Bryan found no invert sugar was classed as of "fair” flavor. 
As these estimates of invert sugar were based on reduction of Fehling’s 
solution, no support is afforded for the conjecture that the flavor may be 
produced by the hydrolysis of a glucoside during the boiling. 

However, tests for glucosides by Bourquelot’s “biochemical” method (13) 
were carried out upon fresh sap, sap concentrated in vacuo with and without 
previous freezing, and upon alcohol extracts of the cambium and sap wood 
of Acer saccharum. Bourquelot’s test consists essentially in measuring both 
the polarization and the reducing power of the liquid before ard after treat¬ 
ment with invertase and again after treatment with emulsin. If glucosides 
(levorotatory) are present the emulsin treatment should alter the rotation in 
the positive sense and also increase the reducing sugar content. 

In tests made in the sugaring seasons of 1932 and 1933 on fresh sap and 
sap concentrated in vacuo or by freezing, good agreement was obtained between 
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the observed and calculated changes due to the invertase treatment, indicating 
that the sucrose was completely hydrolyzed and that the method of deter¬ 
mining reducing sugars was reliable. In the emulsin treatment, the 1932 
syrups showed slight increases in reducing sugars and positive rotation, but 
in the 1933 samples changes in rotation varied from —0.14 to 4-0.1° and in 
reducing sugars from —0.55 to 40.03 gm. per 100 cc. As duplicate deter¬ 
minations of reducing sugars varied by the equivalent of 1 to 5 mg. of invert 
sugar, amounting to 0.05 to 0.25 gm. per 100 cc. of sap and 0.1 to 0.5 gm. 
per 100 cc. of syrup (13.5-30.0% solids), the observed variations are 
virtually within the limits of experimental error. Furthermore, the observed 
increases in reducing sugar and in rotation were no greater for the syrups 
(vacuum or freezing) than for the unconcentrated sap. Even in a concentrate 
prepared by removal of sucrose from a vacuum syrup by precipitation with 
alcohol and acetone (see below), the increase of reducing sugar amounted to 
only 0.20 gm. per 100 cc., and the change in rotation was in the negative 
direction. The concentration of flavor precursor in this concentrate should 
be 150 times that in the original sap. 

Sap wood and the cambium from the trunk of the niap'e tree were boiled 
with alcohol containing a little calcium carbonate, the filtrate evaporated, 
taken up in water and subjected to treatment with invertase followed by 
emulsin. Again no evidence of alcohol-soluble glucosides was obtained. 

If the development of maple flavor were due to hydrolysis of a glucoside, 
reducing sugars should be increased in amount by refluxing sap or sap con¬ 
centrated at lower temperature. The results in Table I, obtained by refluxing 
for one to three hours, show that no measurable increase occurs. 


TABLE I 

Changes in reducing sugar content of maple saps during reflux boiling 


Sample 

Total solids, 
% 

Invert sugar, gm. per 100 cc. 

Before 

refluxing 

Aftcs # 
refluxing 

Change 

Sap A 

3.5 

mm 

0.021 

4-0.007 

Sap B 

3.7 


0.027 

-0.006 

Sap concent rat I'd by freezing 

23.0 

Hfl 

0.235 

o* 

© 

© 

1 


It may be calculated from the specific rotations of sucrose and of the gluco¬ 
side coniferin, which has been regarded as a possible source of maple flavor, 
that a concentration of 0.3 gm. of the glucoside per 100 cc. would be necessary 
to yield a conclusive change in optical rotation upon hydrolysis with emulsin. 
Accordingly, although all the authors’ experimental evidence is against the 
existence of a glucoside in maple sap, the possibility of the presence of such 
a substance in a concentration lower than 0.002 gm. periOO cc. (1 gm. in 
50 litres) is not excluded. 
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Extraction of Wood 

Freshly cut shavings of the cambium and sap wood of the trunk of a sugar 
maple cut during the 1933 sugaring season were refluxed 30 min. with the 
following solvents: water, ethyl acetate, amyl alcohol, petroleum ether. The 
solutions were concentrated (in vacuo, except the petroleum ether extract), 
any solid sediment filtered out, and the filtrate further concentrated to approxi¬ 
mate dryness. 

The residues were amorphous except that from petroleum ether, which 
was very small in quantity (0.01-0.02 gm. per 100 gm. of wood) and melted 
at 125-130° C. Ethyl alcohol yielded the largest amount of amorphous 
extract (0.83 and 1.07 gm. per 100 gm. of wood), amyl alcohol the next 
(0.25 and 0.85 gm.) and ethyl acetate the next (0.25 and 0.30 gm.). No 
evidence of the presence of coniferin was obtained. The extracts obtained 
with water and the two alcohols, when taken up in water, responded to 
Molisch’s, Fehling’s, Seliwanoff’s and Froehde’s (molybdic acid) tests. Bar- 
foed's test was also given by the water and ethyl alcohol, and by one of the 
amyl alcohol, extracts. The petroleum ether and ethyl acetate extracts, 
however, responded to none of these tests. It' may be inferred that the 
wood contained sucrose and that a monosaccharose was either originally 
present or produced during the extraction. This monosaccharose yielded 
glucosazone and must therefore have been glucose, fructose or mannose. 

From the water extract, tannins were precipitated by cinchonine sulphate 
and identified as pyrocatechol derivatives by color and precipitation reactions 
and by fusion with potassium hydroxide (1). 

Vacuum distillation products. In 1933, 8.7 litres of syrup, and in 1934, 
13.8 kilos of sugar, were prepared by evaporation of sap at 37-45° C. under 
reduced pressure. The color of the products was light yellow, the taste 
sweet and somewhat astringent but not suggestive of maple flavor. Heating 
the sugar to 100° C. in an oven darkened the color and developed the maple 
flavor, while neither effect was produced in a parallel experiment with cane 
sugar. The sugar contained 0.89% of ash, 0.02% of nitrogen and had a 
pH of 6.1, measured electrometrically in a solution of 20 gm. in 100 cc. 

A hydrolytic enzyme. Labrie (7) discovered in maple bark an enzyme 
(“acerase”) capable of hydrolyzing coniferin and amygdalin. He also ob¬ 
tained evidence of an amylase in the sap of the tree. 

The authors have found that the addition of tannic acid solution to a 
solution of vacuum syrup or sugar, but not to ordinary maple syrup nor to 
refluxed vacuum syrup, results in the gradual development of a purple color. 
On boiling, a purple coagulum is produced. 

With solutions of known enzymes, viz., emulsin, invertase, maltase and 
trypsin, tannic acid was found to give a light mauve coloration and a preci¬ 
pitate^ on standing. This color test was given by vacuum sugar, which had 
been extracted with ethyl acetate, ether or acetone, and also by sugar preci¬ 
pitated from vacuum syrup by alcohol. The substance responsible for the 
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reaction would, therefore, appear to be insoluble in these solvents. It was 
also removed from aqueous solution by treatment with charcoal or with 
Lloyd’s alkaloidal reagent (hydrated aluminium silicate). No precipitate 
was given with Millon's reagent, copper sulphate, mercuric chloride (without 
or with hydrochloric acid) and no color was developed in the biuret test. 
A positive xanthoproteic reaction was obtained in vacuum syrup, but this 
was given also by ordinary maple syrup. The enzyme was still present in a 
solution that had been treated with lead acetate, filtered and freed from lead 
by addition of sodium carbonate. 

One hundred grams of vacuum sugar was ground with 300 cc. of glycerol, 
allowed to stand 24 hr., centrifuged and decanted. To the glycerol extract, 
three times the volume of 95% alcohol was added. On standing, 0.048 gm. 
of flocculent, dirty-white solid (dried in vacuo over sulphuric acid) was 
obtained. This material contained 1.76% of nitrogen and 32.7% of ash. 
It dispersed in water, forming a turbid mixture which gave the purple color 
with tannic acid and a purple ring with a-naphthol and sulphuric acid, but 
no xanthoproteic, glyoxylic or biuret test. 

Amygdalin, arbutin, salicin and cane sugar in 0 5% solution incubated 
at 35° C., with and without addition of a portion of the enzyme, showed no 
reducing sugar after three days, but at the end of a week the solutions con¬ 
taining the enzyme gave slight Fehling tests while the blanks gave none. 

Whether this enzyme is identical with Labrie’s “acerase” cannot be 
definitely stated. 

Alcohol-soluble products. It was thought that the flavor precursor might 
be obtained in more concentrated form by removal of sucrose from vacuum 
syrup by precipitation with alcohol, or by extraction of vacuum sugar with 
solvents in which sucrose is insoluble. 

1. Treatment as syrup. The syrup was further concentrated in vacuo to 
a solids content of about 80% and treated, while still warm, with twice its 
volume of 95% alcohol, and shaken continually until the sucrose had separated 
in granular form and then intermittently until cold. The sucfose was filtered 
off and washed with alcohol. About 80% of the sucrose was thus removed. 
The alcoholic solution was then evaporated in vacuo to a syrup and either 
(i) extracted with other solvents or (ii) still further evaporated and treated 
with alcohol or (better) acetone to again reduce the sugar content, and once 
more concentrated in vacuo. The concentrate obtained from 8.7 litres of 
vacuum syrup after a second precipitation of sucrose amounted to 450 cc. 
Glucosides, if present, were not in sufficient quantity for detection by Bour- 
quelot’s method. Maple flavor could be developed by boiling. Extracts of 
this concentrate made by shaking it successively with ethyl acetate, ether and 
amyl alcohol were concentrated by evaporation— in vacuo except the ether 
extract—and treated in the same manner as the extracts pf vacuum sugar. 

2. Treatment as sugar. Fresh sap, 240 litres, of early run and high sugar 
content (5-6% by refractometerO was distilled to approximate dryness in vacuo 
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at temperatures of 37-45° C. This sugar, of which 13.8 kilos (air-dry) 
was obtained, was found to yield very little extract to benzene, chloroform 
or petroleum ether. Acetone dissolved some of the sugar. The best solvents 
for the non-sugars were ethyl acetate and ether. Extraction with these 
solvents was carried out in an improvised Soxhlet apparatus capable of 
handling 500 gm. of solid and one litre of solvent. The extraction was con¬ 
tinued for six hours and each portion of solvent was used on four batches of 
sugar. Four kilograms was extracted with ether, followed by ethyl acetate, 
and seven kilograms, with ethyl acetate alone. After the ether extract had 
been concentrated to a volume of 10 cc. it yielded 0.38 gm. of succinic acid 
and an unsaponifiable oil. The succinic acid melted at 185° C. and its equiva¬ 
lent weight was 56.57 (theory 59). It gave an insoluble silver salt, a red 
color and—on boiling—a precipitate with ferric chloride, and a white sublimate 
(anhydride). The unsaponifiable oil remained liquid at 0° C., gave no color 
reaction with ferric chloride or phloroglucinol-hydrochloric-acid, and had 
no apparent relation to maple flavor. 

The separation of the materials extracted from vacuum syrup and vacuum 
sugar by ethyl acetate was conducted according to the following flow-sheet. 


Extract 

I Chloroform 


Solution A 
(Unsaponifiable oil) 


Residue B 


Acetone 


Solution C 

Evaporated. 

Water 


Residue D 
(From sugar only) 


Solution E 
(Succinic acid) 


Residue F 


The oil A resembled that obtained from the ether extract of the sugar, 
except that it was more viscous and had an acid odor, doubtless due to 
hydrolysis of the ethyl acetate during concentration. Residue D obtained 
from the sugar (1934 crop) but not from the syrup (1933 crop), when recry¬ 
stallized from alcohol, formed colorless, monoclinic prisms, insoluble in ether, 
slightly soluble in ethyl alcohol and in ethyl acetate, easily soluble in water. 
Weight 56 mg., m.p. 191.5° C. Found: C, 44.1, 44.1; H, 7.2, 7.1; 
OCH*+OC 2 H 6 , 15.1%. Calcd. for C n H 21 (V. C, 44.4; H, 7.1,OC 2 H 6 , 15.1 
or (OCH 8 ) 2 , 16.0%. 

The aqueous solution gave no color with ferric chloride, with phloroglucinol- 
hydrochloric-acid, nor with the Folin-Denis reagent for phenols, no Molisch 
test and no precipitate with lead acetate. No relation of this substance 
to maple flavor was observed. 
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Succinic acid was identified in Solution E by the same tests used with the 
ether extract, equivalent weights of 58.2 and 58.5 being obtained. 

Residue F, a light, yellowish brown powder, was soluble in alcohol, acetone 
and acetic acid. It also dissolved in dilute ammonia and was reprecipitated 
upon acidification. It gave color reactions resembling those attributed to 
lignin, viz., red with phloroglucinol-hydrochloric-acid, orange with benzidine- 
hydrochloric-acid, yellow with aniline-hydrochloric-acid, deep blue with the 
Folin-Denis reagent and no color with ferric chloride. The methoxyl values of 
the residues from the syrup and sugar were discordant, viz., 16.3 and 10.2%. 

Although these color tests suggest a relation between maple flavor and 
lignin (7), it was not found possible to produce maple flavor from this lignin¬ 
like material by adding it to dilute sugar solution and boiling to a syrup. On 
the other hand, no maple flavor could be developed in the extracted sugar by 
heating it or its solutions. Thus no definite precursor of maple flavor has 
been isolated in this work, and it would seem possible that, as contended 
by Labrie, the flavor may be due to interaction of sucrose or a product thereof 
with other constituents. 
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THE SOLUBILITY OF LIME IN WATER 1 

By G. L. Larocque* and 0. Maass* 

Abstract 

The solubility of lime has been determined with a high degree of accuracy over 
the temperature range 0 to 30° C. by a conductivity method. The degree of 
dissociation of lime over this temperature range and over the concentration 
range 0 to 1.164 gm. of calcium oxide per litre has been calculated. 

Introduction 

As part of the elucidation of the equilibria existing in sulphite cooking 
liquor (the system calcium-oxide-sulphur-dioxide-water), it was necessary 
to determine the solubility of lime in water, and the conductivity and degree 
of dissociation of its saturated solutions. Exact solubility values were also 
required in lime sorption measurements on cellulose which will be described 
in a subsequent paper. 

Grieve 9 Gurd and Maass (1) have made a survey of the existing literature 
and have compared the mean value so obtained with values measured by means 
of their new conductivity technique, which enables measurements to be made 
on solutions free from contamination by carbon dioxide. In the present 
investigation their measurements have been repeated and extended, using 
their identical method, and values have been obtained for the temperature 
range 0° to 30° C. 

It is characteristic of this method that the solubility values are calculated 
from conductivity measurements that are virtually unaffected by the presence 
of colloidal particles, which would seriously affect a gravimetric analysis. 

Procedure and Results 

In the present work, the apparatus, materials and procedure were the same 
as those employed by Grieve, Gurd and Maass (1), and are fully described by 
them. 

Solubility Measurements 

The method consists essentially in measuring the electrical conductivity, 
at temperatures from 0° to 30° C., of a series of lime solutions of known con¬ 
centration, and of a solution having an excess of lime present. These results 
are given in Tables I and II. 

1 Manusct ipt received A ugust 20,1935. 

Contribution from the Physical Chemistry Laboratory, McGill University , Montreal , 
Quebec , Cjmada. 

* Holder of a bursary under the National Research Council of Canada . 
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TABLE I 

Specific conductivity measurements 


Conc'n., 

0.124 

Conc'ii., 

0 564 

Conc’n., 

, 0.724 

Conc’n., 

,0.842 

Conc’n., 

,1.164 

Temp., 

°C. 

H 

Temp., 

°C, 

* 

Temp., 

°C. 

k 

Temp., 

°c; 

k 

Temp., 

°C. 

k 

0 10 

4 60 

10 23 

15 42 

22 35 
29.15 

5.05 

5.77 

6.78 
7.42 

8 49 

9 51 

0.06 

6.16 

11.65 

20.29 

23 01 

24 73 

30 00 

25.08 
29.34 
33 08 
39.19 
41.14 
42.41 
45.97 

0 01 
8.43 
15 47 
22 54 
31 04 

29 82 

38.72 
45.03 
51.18 

58.72 

0 10 

4.55 

9.55 
15.55 
22.01 
30.10 

36.67 

40.84 

45.80 

51.81 
58.15 
66.34 

0.15 
6.15 
10 50 
17.28 
21.78 
29.04 

48.41 

55.54 

62.08 

69.90 

75.58 

85.15 


Note:— The concentrations are expressed in grams of calcium oxide per 1000 gm . of water 
and the specific conductivities in reciprocal ohms X 10*. 


TABLE II 

Conductivity of saturated lime solutions 


Saturated solution: 

Saturated solution: 

Saturated solution: 

equilibrium values 

temperature falling 

temperature rising 

Temp., °C. 

k 

Temp., °C. 

k 

Temp., °C. 

k 

0 10 

57.40 

6 42 

65 59 

8.17 

69,43 

14 15 

73 83 

7 12 

66 51 

8.99 

70.26 

29 12 

89.79 

7 65 

65 97 

12.53 

74.63 

29 26 

89 80 

13 80 

73 72 

18.50 

80.89 

30 65 

90.19 

14 28 

73 60 

19.81 

81.84 



25 28 

85 45 

28.35 

89.22 


The measurements were carried out in a completely glass-enclosed system, 
free from air and carbon dioxide. From the conductivity values, isothermal 
curves, conductivity versus concentration for temperatures differing by 
5° at intervals from 0° to 30°, were plotted. The concentration of the saturated 
solution for various temperatures was then determined by extrapolating each 
temperature curve until it cut a line drawn parallel to the concentration axis, 
and through the conductivity value of the saturated solution at that tem¬ 
perature. The solubility values obtained in this manner are given in Table 
III, together with the values obtained by Grieve, Gurd and Maass (1). 


TABLE III. 

Solubility of calcium hydroxide in water (expressed as grams of calcium oxide 

PER LITRE) 


Temp., ° C. 

0 

HR 

EUR 

15 

18 

20 

25 

30 

Calcd. values 
Grieve, Gurd 
and Maass’s 

1.456 

1 


1.370 


1.333 

1.284 

1.230 

values 

1.55 

D 

Mm 

HU 

1.34 

— 

1.25 

—* 
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In the case of the saturated solutions, the equilibrium between the solid 
calcium hydroxide and the aqueous phase at any fixed temperature is estab¬ 
lished very slowly, and this likely has been a common source of error in 
earlier determinations. For this reason, conductivity measurements have 
been made with rising and falling temperatures, the temperature being allowed 
to remain constant for 10 pr 15 min. before the reading was taken. The 
results are given in Table II and are plotted in Fig. 1. The magnitude of the 



F t G 1. Conductivity measurements of a saturated Itme solution. 

observed conductivity value is dependent on whether the equilibrium is 
reached when the temperature is rising or when it is falling, a final steady 
value being obtained only at the end of 6 to 12 hr. 

In the case of those measurements made with a rising temperature, the 
tendency for supersaturation to occur in the system seemed to be greater 
than that for unsaturation when the final state was reached with a falling 
temperature. 

Degree of Dissociation 

It was of interest to determine the extent of the dissociation of the calcium 
hydroxide at different concentrations and temperatures. The conductivity 
measurements obtained with each of the five solutions used were plotted 
against temperature, and from these curves the conductivities at 0, 10, 20 
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and 30° C. were found by interpolation. The concentration of the ionized 
calcium hydroxide present at each concentration and temperature was then 
calculated from the specific conductivity, k, and the ionic mobilities of the 
Ca 4 "* and OH - ions by means of the relation 

1000 K *■ [Ca ++ ]# + [OH"]tr. 

The concentration of the ionized calcium hydroxide having been cal¬ 
culated, the degree of ionization was then determined from the solubility 
values. The results are given in Table IV. It is to be observed that the 
degree of dissociation increases regularly with decrease in concentration and 
decrease in temperature. 

TABLE IV 

The per cent dissociation and hydroxyl ion concentration (in gram ions per litre) 

OF CALCIUM HYDROXIDE AT VARIOUS CONCENTRATIONS AND TEMPERATURES 


Conc’n., gm. 
CaO/litre 

0.1024 

0 564 

0.724 

0 842 

1.164 

Temp., °C. 



[OH - ] | 

% 





[OH - ] 

% 

0 

0.0068 

94 

mu 

86 

0 0430 

83 

0 0500 

83 

0.0660 

79.3 

10 

.0070 

96 


84 

.0426 

83 

.0487 

81 

.0644 

77.4 

20 

.0070 

96 


83 

.0420 

81 

0481 

80 

.0628 

75.5 

30 

0069 

95 

■ill 

83 

0417 

81 

.0476 

79 

.0626 

75.3 


Grieve, Gurd and Maass (1), in their determination of the solubility, used 
two reference solutions of concentration 0.536 and 0.737 gm. of calcium 
oxide per litre, and extrapolated the conductivity values obtained to corres¬ 
pond to a saturated concentration of about 1.40. This extrapolation is too 
great to give values of sufficient accuracy for an investigation on the adsorp¬ 
tion of lime which will be published in a subsequent paper. It was for this 
reason that the solubilities were redetermined by the authors. 

In the present investigation, five solutions of concentration 0.1024, 0.564, 
0.724, 0.842 and 1.164 were used, and, as a result, the solubility values ob¬ 
tained are considered to be correct to 0.008 gm. of calcium oxide per 1000 gm. 
of water over the temperature range 0 to 25° C. The order of accuracy is 
less for the degree of dissociation values, since the magnitude of the calcium 
ion mobility is known only to two significant figures. 

Reference 
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THE HEATS OF SOLUTION AND SPECIFIC HEATS OF RHOMBIC 
SULPHUR IN CARBON DISULPHIDE: 

THE SURFACE ENERGY OF SOLID RHOMBIC SULPHUR 1 

By A. R. Williams 2 , F. M. G. Johnson 3 and O. Maass 4 

Abstract 

The heats of solution of rhombic sulphur in carbon disulphide were measured 
over the concentration range 6 to 17% of sulphur and at 2(r and 25° C. f and the 
specific heats of these solutions were calculated. The apparatus designed for 
these measurements is described. By measuring the heat of solution of finely 
divided sulphur and its particle size, the surface energy of solid rhombic sulphur is 
estimated. 


Introduction 

Since the surface of a solid is so rigid that no appreciable movement towards 
minimum surface can occur, the measurement of the surface energy of a solid 
presents a problem altogether different from that involved in the measure¬ 
ment of the surface energy of a liquid. In the hypothesis that the surface 
energy of a solid is directly proportional to f the surface of the solid, a 
way lies open to the solution of this problem. Thus, if a very large solid 
surface is produced by finely dividing a material, a measurable amount of 
surface energy will be produced in connection with this large surface. It is 
known that the surface energy so produced will manifest itself in various 
ways, such as in the increased vapor pressure or solubility of small particles 
or in the increase in the heat of solution of the finely divided solid. 
Centnerszwer and Krustinsons (7,8) have attempted to measure this increase 
in vapor pressure of small solid particles over that of large solid particles and 
so calculate the surface energy of the solid. Dundon and Mack (9) have 
calculated the suiface energy at the solid-liquid interface of some sparingly 
soluble solids from a measurement of the increased solubility of fine particles. 

Bruzs (6) has attempted to measure the surface energy of a solid as the 
difference in the heats of reaction when one of the products of the reaction is 
produced in a finely divided state, and in the other case in a coarsely divided 
state. 

Lipsett, Johnson and Maass (13, 14, 15) have obtained a value for the 
surface energy of a solid by measuring the difference between the heat of 
solution of coarsely crystalline, and that of finely divided, material. 

Other investigators who have contributed something to the solution of the 
problem of the measurement of the surface energy of a solid are Jones (12), 
Hulett (11), Berggren (3) and Born and Stern (5). 

1 Manuscript received July 25,1935. 
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# Holder of a studentship under the National Research Council at the time the research was 
carried out . 

* Dean of the Faculty of Graduate Studies and Research, McGill University . 

4 Macdonald Professor of Physical Chemistry, McGiU University . 
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Experimental 

In the present research an attempt is made to measure the surface energy of 
the solid element sulphur. The method used is essentially the same as that 
first employed by Lipsett, Johnson and Maass in the measurement of the 
surface energy of sodium chloride. By this method the energy as»pcuited 
with the surface of a finely divided solid appears as a positive quantity in 
the difference between the heat of solution of very finely divided material 
and the heat of solution of coarsely crystalline material. From this difference 
in the heat of solution and from the measured difference in the areas of the 
coarse and the fine material, a simple arithmetical calculation gives the surface 
energy of the solid per unit area. 

This difference in the heat of solution for the amount of solid surface produced 
is rather small, so that the heat of solution measurements have to be made 
very accurately. To obtain the required accuracy in the present research, 
an adiabatic calorimeter was used. The calorimeter is of the type described 
by Lipsett, Johnson and Maass and shown in Fig. 1. It consists essentially 



Fig. 1. Adiabatic rotating calorimeter . 


of a small inner calorimeter, A t air-jacketed by means of a copper cylinder, 
J5, and placed in a water bath. A 20 mm. air space insulates the calorimeter 
from the wall of the copper jacket. Within this small calorimeter, A , solute 
and solvent are placed in such a manner that when the calorimeter is rotated,* 
the solute and solvent mix and solution takes place. During solution the 
outer bath is kept at the same temperature as the inner calorimeter, A . 
Thus when the temperature of the inner calorimeter is changing, owing to 
solution taking place, the temperature of the outer bath is made to change 
a corresponding amount. 

In order to follow the temperature change of the inne^calorimeter with 
that of the outer bath, the copper jacket is provided with a series of thermo* 
elements, F ', which record the difference between bath and calorimeter tern- 
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perature. One set of junctions is blackened and placed about 1 mm. from 
the surface of the calorimeter, A . This set of junctions assumes the tem¬ 
perature of A by radiation. The other set of junctions lies along the bottom 
of the copper jacket, B. This set of junctions assumes the temperature of the 
outer bath by conduction. The thermo-elements are connected to a spot 
galvanometer. When both sets of junctions are at the same temperature, 
that is, when the bath and calorimeter are at the same temperature, there 
will be no deflection of the galvanometer spot. The temperature of the 
outer bath is controlled by addition of hot or cold water from small taps at 
the bath surface. 

The temperature of the calorimeter is obtained by measuring the temperature 
of the outer bath. This is possible since by means of the thermo-elements the 
calorimeter and bath can be brought and kept to within 0.0001° C. of each 
other while temperature measurements are being made. The outer bath 
temperature is measured by means of a platinum resistance thermometer, F , 
which records temperatures to within 0.0002° C. Since the total temperature 
change during a heat of solution experiment is in the neighborhood of 1° C., 
this temperature-recording apparatus is capable (5f measuring temperature 
changes with an accuracy of 0.02%. 

In measuring the heat of solution of sulphur it was necessary to use the 
volatile organic solvent carbon disulphide to dissolve the sulphur. Owing to 
the corrosive action of sulphur solutions on most metals, it was found necessary 
to build the small inner calorimeter from “Stabrite" steel, this material 
being unacted upon by sulphur solutions and in addition possessing the neces¬ 
sary property of good heat conductivity.* New features were required in 
this calorimeter as compared to the original calorimeter of Lipsctt, Johnson 
and Maass (13, 14, IS), owing to the great volatility of the solvent, carbon 
disulphide, and also its solvent action on ordinary sealing media such as 
vaseline or other greases. To render the calorimeter leak proof a satisfactory 
sealing material was necessary, and this was obtained only after a long in¬ 
vestigation. 

The calorimeter was so designed that absolutely none of the volatile carbon 
disulphide could escape either in the liquid or gaseous state, thus eliminating 
the appreciable error that would arise from the cooling effect of escaping and 
evaporating carbon disulphide during the course of an experiment. The new 
^features of the calorimeter are brought out in the following description. 

The calorimeter is shown in Fig. 2. It is the small calorimeter indicated 
as A in Fig. 1. One end of the calorimeter is removable. This permits 
introduction and removal of the solute box. This removable end is designed 
primarily for tightness. Sixteen brass screws press a circular flange into a 
groove containing a lead gasket. The calorimeter axles are of bakelite, 
which is a poor heat conductor. Furthermore, bakelite is stronger than glass. 
The opening which is closed by means of the taper screw shown at the top of 

* The calorimeter was machined by Mr. Pye, Technician in charge of the Physics Department 
machine shop . 
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the calorimeter serves for the introduction of the solvent after the solute 
box has been inserted and the removable calorimeter end tightened on. A 
quantity of solvent sufficient to bring its level halfway to the top of the 
solute box is introduced. 


REMOVABLE END 
LEAD GASKET • 
BRASS SCREWS 

BA a K x^ TE - bb8 

REMOVABLE PIN 
HOLDING SOLUTE 
BOX IN POSITION 


-TAPERED SCREW TO ADMIT SOLVENT 



Fig. 2. Inner calorimeter; A in Fig. 1. 


When the calorimeter is rotated, the solute box becomes inclined and the lid 
slips from the box opening. The open box containing the solute then dips 
into the solvent and solution occurs. Rotation of the calorimeter aids in 
rapid solution. A heating effect caused by the lid tumbling in the rotating 
calorimeter is eliminated by means of spurs on the side of the box which catch 
and hold the lid. In order to provide the snug fit that was essential for keeping 
the solvent vapor from the solute until the proper time for solution, the box 
lid was ground to the box opening. A sealing medium composed of a mixture 
of 50% of glucose and 50% of glycerol was used to seal the lid to the box 
opening. This mixture was insoluble in carbon disulphide, had no action on 
the sulphur, and its viscosity was such as to allow the lid to slide from the 
opening when the box was inclined. 

To place this small charged calorimeter in position, the top portion of the 
copper jacket, B, Fig. 1, was removed and the calorimeter lowered in. One 
of the calorimeter axles ends in a small threaded bolt; this bolt screws into 
the end of a long axle connecting the calorimeter to a motor outside the bath. 

The heat capacity of the small inner Stabrite steel calorimeter was care¬ 
fully determined by measuring the temperature drop when weighed amounts 
of sodium chloride were dissolved within the calorimeter in weighed amounts 
of water. From the accurately known value of the heat of solution of sodium 
chloride in water and from this measured temperature drop, the heat capacity 
ol the calorimeter was obtained with an accuracy of 0.3%. 

The sulphur used in the research was SchuChardt’s c. p. grade. It was 
dissolved in pure carbon disulphide and filtered twice through previously 
extracted filter papers, in order to obtain a perfectly clear solution of sulphur 
in carbon disulphide. From this solution the rhombic sulphur was recry¬ 
stallized. In order to remove the last traces of carbon disulphide, the sulphur 
crystals were broken to the size of pin heads and heated for 2£* hr. in an oven 
kept at 65° C. The purified sulphur was kept in a dark bottle away from 
light. 



CANADIAN JOURNAL OF RESEARCH. VOL. 13, SBC. B. 


m 


The carbon disulphide was a freshly obtained lot of Merck s c.p. grade. 
To ensure a high degree of purity it was redistilled from ceresine wax after 
the method of McKelvey and Simpson. The density of this purified carbon 
disulphide at 25.00° C. was found to be 1.2558 gm. per cc., as compared with 
1.2556 gm. per cc. measured by the International Bureau of Physical Chemical 
Standards as the density of pure carbon disulphide. 

Using this pure sulphur and carbon disulphide in the adiabatic calorimeter. 


TABLE I 


Heats of solution of rhombic sulphur in 

CARBON DISULPHIDE 


% Sulphur 
in solution 

Heat of solution in 
calories per mole 

Initial temp., 25° C. 

6.30 

-405.3 

6.30 

-405.4 

8.00 

-404.4 

11.73 

-403.5 

11.73 

-403.4 

14.19 

-403.0 

14.19 

-403.2 

16.56 

-402.7 

16.56 

-402.5 

Initial temp., 20* C. 

6.30 

398.0 

6.30 

398.2 

8.00 

398.0 

17.00 

395.6 

17.00 

395.7 


the values shown in Table I for the 
heats of solution of rhombic sulphur 
in carbon disulphide were measured. 

In calculating these results three 
small corrections were necessary. One 
arose from the cooling effect caused 
by the evaporation of carbon disul¬ 
phide into the solute box as the solute 
box lid was removed, another in deter¬ 
mining the heat effect caused by 
carbon disulphide vapor condensing 
in the calorimeter as the temperature 
of the calorimeter dropped owing to 
solution occurring, and a third was 
riecessary in order to estimate the 
amount of heat developed due to 
rotation of the calorimeter. These 
corrections were all quite small, and 
in the most unfavorable cases could be 
summed with an accuracy that would 
not cause the final experimental result 
to be in error by more than 0.2%. 


TABLE II 


Heats of solution of sulphur in carbon disulphide 

OBTAINED BY OTHER INVESTIGATORS 


Observer 

Temp., 

°C. 

Concen¬ 

tration 

Heat of 
solution, in 
cal. per mole 

Bellati and Finazzi (2) 

0 

“Dilute” 

-380.3 

Bellati and Finazzi (2) 

0 

Concentrated 

-369.6 

A. Wigand (18) 

0 

6.43% 

-386.9 

A. Wigand (18) 

0 

8.41% 

-396.3 

A. Wigand (18) 

0 

8.74% „r 

-389,2 

S. U. Pickering (16) 

20 

Unstated 

-470 4 

Ma Berthelot (4) 

18 

Unstated 

-410 ±32 


The foregoing results 
are represented graphi¬ 
cally in Fig. 3, and they 
show that the heat of 
solution of sulphur in 
carbon disulphide 
changes only slightly 
with concentration and 
temperature. For pur¬ 
poses of comparison the 
results of pievious in¬ 
vestigators on the heat 
of solution of sulphur in 
carbon disulphide are 
given in Table II. 
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In regard to the accuracy of the values for the heats of solution measured 
by the authors, it is believed that, from an examination of the data entering 
into their calculation, they have an absolute accuracy of 0. 5% and a relative 
accuracy of about 0.2%. 



Fig. 3. Heats of solution of sulphur in carbon disulphide at 
various concentrations. 


Specific Heat of Carbon-disidphide-Sulphur Solutions 
The specific heats of carbon-disulphide-sulphur solutions entered into the 
calculation of the heats of solution when the total heat capacities of the calori¬ 
meter and contents were summed. The only values of specific heats available 
were those of Marignac, given in the International Critical Tables, and they 
are of unknown accuracy. It was found possible to calculate accurate values 
for the specific heat of carbon-disulphide-sulphur solutions by means of the 


relation 

1 

S 

1 

« 

<} 

H 

£ £ 

1 i 

& ^ 

where 17* 

=» Heat of solution of sulphur at temperature T*. 

Ui 

= Heat of solution of sulphur at temperature T*. 

C$tln 

— Heat capacity of the solution. 

Cs 

= Heat capacity of sulphur. 

, c*St 

** Heat capacity of carbon disulphide. 


Values calculated for the specific heats of carbon-disulphide-sulphur 
solutions are shown in Table III. 

TABLE III 

Specific heats of sulphur-carbon-disulphide solutions 


% Sulphur in soln. 

6.30 

8.00 

11.75 

R9 

16.56 

Sp. ht. of 6oin. 

0.2373 

0.2369 

0.2361 

B9 

0.2349 
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The absolute accuracy of these values rests upon the value for the specific 
heat or heat capacity of carbon disulphide as used in the calculation. From 
the results of Regnault (17), Hirn (10), and Batelli (1), the specific heat of 
carbon disulphide was taken as 0.2389 cal. per gram at 22.5° C. The absolute 
accuracy of the foregoing specific heat values is probably within 1.0%, while 
the relative accuracy is within 0.1%. 

Heat of Solution of Finely Divided Sulphur 
Fine sulphur was prepared by grinding sulphur by means of a mechanically 
driven agate mortar and pestle. The sulphur was first ground to pass a 
400 mesh screen. A preliminary heat of solution experiment was made with 
this 400 mesh sulphur, in order to discover whether there was a measurable 
quantity of surface energy associated with sulphur of this degree of fineness. 
The measurement showed that the heat of solution of this 400 mesh sulphur 
was 1.2 cal. positively greater than the heat of solution of the coarsely cry¬ 
stalline sulphur. In order to obtain a larger surface and a correspondingly 
larger surface energy, the 400 mesh sulphur was reground over a period of 
12 hr. To insure that this very fine sulphur was, not oxidized by the air, 
a quantity of it was allowed to remain in contact with the air of the laboratory 
for two weeks and then shaken with distilled water. A very dilute solution 
of potassium permanganate was added to this suspension of fine sulphur in 
water, and no decolorizing action was observed upon the potassium perman¬ 
ganate. This was taken to show that there was no solid and unstable sub¬ 
oxide of sulphur present in the finely divided sulphur. Solution of the finely 
divided sulphur in carbon disulphide also indicated that no amorphous 
sulphur had been formed in the process of grinding. 

With this finely divided 
sulphur the heat of solution 
measurements shown in Table 
IV were made. 

This value for fine sulphur 
compares with the value of 
— 405.3 cal. per mole for the 
heat of solution of coarse 
crystals of sulphur of the 
same solution concentration 
and at the same temperature. 
The difference between the heat of solution of fine, and that of coarse, 
particles is 3.9 cal. per mole. This value represents the difference between 
the total surface energy of coarse crystals and that of very fine crystals 
of sulphur. 

Measurement of Particle Size 

For the purpose of estimating the surface energy of solid sulphur per unit 
area, it wis necessary to measure the average particle size of the finely divided 
sulphur. „This was done by taking photomicrographs of the sulphur particles 


TABLE IV 

Heats of solution of finely divided sulphur 


Temp., 

°c. 

Conc’n of 
solution, % 

Heat of soln., 
cal per mole 

25.00 

6.30 

-401.2 

25.00 

6.30 

-401.6 


Mean value —401.4 
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scattered over glass plates* Under the microscope it was seen that the fine 
particles of sulphur had a marked tendency to cling together. This caused 
some difficulty in obtaining a clear picture of each individual particle. To 
scatter and separate the particles, a camel’s-hair brush was filled with the 
fine sulphur and flicked beneath the glass plate, which was held in a gently 
rising current of air such as occurs near a warm electric light bulb. In 
another method used to separate the particles, a drop of glycoline was placed 
on a glass plate and a small amount of fine sulphur introduced into the drop. 
The drop was smeared over the surface of the glass plate to form a thin film, 
and photomicrographs were taken of the sulphur particles suspended in this 
thin layer of glycoline. A Bausch and Lomb metallographic microscope was 
employed for the work, and two magnifications of 200 and 500 diameters 
were used. A Brinnel microscope which superimposed an accurate scale 
graduated in tenths of a millimetre was found useful in reading the particle 
size from the photomicrographs. 

The average diameter of the sulphur particles placed on the glass plate by 
scattering with a earners-hair brush was found to be and 10 /lx for two dif¬ 
ferent plates. However, even with this procedure, uncertainty a^ose in 
differentiating between single particles and aggregates. 

The average diameter of the sulphur particle suspended in the layer of 
glycoline was found to be 5.9/z, 6.1fx and 6.8 p for three different plates in 
which dispersion was complete. Owing to the better concordance in these 
latter results their average was taken as the average diameter of the sulphur 
particle. The diameter of the average particle was calculated using the formula 

W ± W ± cdt .) 

ad? + bd? + cd? + . . . .) ' 

where D is the diameter of the “average particle/’ defined as the diameter of 
the particle which, if wholly constituting the sulphur, would give the same 
area per mole as that of the actual particles It may be noted that this 
hypothetical diameter applies only to a hypothetical number of particles, but 
that the two may be used in conjunction to calculate correctly both area 
and volume, a is the number of particles of diameter d u b the number of 
particles of <&, etc. 

Assuming the particles to be spheres (as was indicated by the photo¬ 
micrographs) and considering the particle diameter to be 6/*, the total surface 
energy of sulphur per square centimetre could now be calculated. 

Area of surface per mole of 6 fi sulphur = 160,000 sq. cm. 

Surface energy per mole of 6/x sulphur = 3.9 cal.—3.9 X 4.2 X 10 7 ergs. 

3 9 X4 2 X 10 7 

Total surface energy per sq.cm. = ——-= 1024 ergs. 

160,000 

The accuracy of this result for the surface energy of solid sitlphur depends 
upon the value of 3.9 cal. as the difference between the heat of solution of 
fine sulphur and that of coarse sulphur, and upon the value of 6ju for particle 
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diameter. Owing to the great accuracy that can be obtained with the calori¬ 
meter when measuring heats of solution at a definite concentration, the value 
of 3.9 cal. would be correct to within 10%. There is greater uncertainty 
however regarding the value for the particle diameter. In the light of the 
facts that the screen opening was 38ju in diameter and that the sulphur was 
reground for 12 hr. after passing this screen opening, the value of 6 p would 
not appear too large. For these reasons it is considered that the value of the 
particle area is correct to within 30%. Based on this the value of 1024 ergs 
per sq. cm. for the total surface energy of solid sulphur should be accurate 
to within about 30%. Even within this accuracy it is of considerable interest 
to evaluate the surface energy of a non-metallic element such as sulphur. 

The question of the influence of an adsorbed layer of gas on the value 
obtained for the surface energy of a solid is an open one. The authors favor 
the view that in the case of sulphur it is relatively small. However, experi¬ 
ments are to be carried out in which this factor will be further investigated. 
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THE INFLUENCE OF HYDROGEN ION CONCENTRATION WITH 
PRETREATMENT OF WOOD ON ITS SUBSEQUENT 
DELIGNIFICATION 1 

By A. J. Corey* and O. Maass 5 


Abstract 

The results obtained by the authors in a previous investigation have been 
checked. The influence ot an acid, a salt and a oase on the pretreatment of wood 
at 130° C. ha9 been determined. It is shown that pretreatment of wood meal 
decreases the rate of subsequent delignification. Pretreatment was carried out 
over the temperature range 100° to 140° C. and the effect of temperature is 
shown to be very marked. As it was found that the pH of the water after 
pretreatment decreased, pretreatment was carried out on a chip in which the pH 
was kept more constant by a forced flow of water through the chip. It is shown 
that the rate of delignification is increased. Pretreatment was carried out in 
buffer solutions and it is shown that there is a pH value for which the influence 
of pretreatment is a minimum. The inferences drawn in connection with 
sulphite cooking are briefly discussed. 


Introduction 

In a recent paper (1) the pretreatment of spruce wood chips in water was 
described. It was found that the heating of the wood chips in water for 
several hours at 130° C. so changed the nature of the lignin in the wood 
that the rate of subsequent delignification by calcium bisulphite liquor was 
greatly retarded. This work has been repeated with a different wood specimen 
(black spruce). The results previously reported agree as closely as could be 
expected with the two different samples. The results of this last series are 
reported in Table I. 

TABLE I 

Effect of pretreatment of black spruce chips* on rate of delignification 


Run I Yield of Yield of 

no. J pulp, % cellulose, % 

A. No pretreatment—cooked at 140° C. 

I Mullen 

1 strength, % 

I Lignin in 

1 pulp, % 

1 Residual 

1 lignin, % 

1 Length of 

1 cook, hr. 

140 

70 0 

53.3 

_ 

23 9 

IZOT 

1 

139 

56.7 

49.5 

123 

12 7 

■n 

2 

136 

52.7 

48.5 

148 

7.96 

IBsSH 

3 

138 

47.3 

45.5 

134 

3.85 

— 

4 

137 

47.0 

46.1 

143 

2.01 

weeM 

5 


B. Preheated in water for 6 hr. at 130° C.—cooked at 140 0 C. 


145 

HHCTI 

56.6 

_ 

23.1 

17.2 


141 « 


51.2 

— 

17.6 

10.9 

3 

147 


48.5 

85 

14.7 

8.4 

4 

• 146 

52.8 

47.8 

99 

9.33 

4.92 

5 

144 

47.0 

44.6 

110 

4.95 

2.33 

6 

143 

42.2 

41.0 

102 

2.99 

1.26 • 

7 

142 

39.7 

38.6 

95 

2.76 

1.09 

8 


* Density , 0.34; lignin content , 29.9% ' 

1 Manuscript received September 18 , 1935 . 

Contribution from the Division of Physical Chemistry , McGill University } Montreal, Canada . 

* Holder of an International Paper Company Scholarship in the Gtoduate Department of 

Chemistry , McGill University . " 

• Macdonald Professor of Physical Chemistry , McGill University . 
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An investigation was then made to determine the effect due to the presence 
of acids, alkalies and salts in the pretreating solution. Wood samples, in the 
form of chips, were impregnated with water and then heated in various 
solutions for six hours at 130° C. The chips were removed from the solution 
and thoroughly washed to remove all traces of the reagent, then dried and 
cooked according to standard procedure. Two different wood specimens 
were used. The results of the runs are therefore tabulated in two parts, with 
a standard cook of each specimen for comparison. 


TABLE II 

Effect of presence of acids, alkalies and salts in the pretreating solution 



A . Density of wood, 0.33. Pretreated in neutral salt and alkaline solutions at 130° C . for 6 hr. 
and cooked at 140° C. 


no 

53.2 

49.3 

7.35 

3.9 

3, 

No pretreatment 

148 

60.7 

51.8 

14.6 

8.85 

3' 

Sat’d. KC1 soln. 

151 

71.3 

58.6 

17.9 

12.7 

4 

Sat’d. Ca(OH) 2 soln. 

120 

67.5 

54.0 

20.0 

13.6 

3 

Pretreated in HjO 


B . Density of wood , 0.34. Pretreated in acid and alkaline solutions at 130° C. for 6 hr. and 
cooked at 140° C. 


138 

47.3 

45.5 

3.85 

1 82 

4 

No pretreatment 

149 

59.8 

51.2 

14.4 

8.62 

4 

N/10 acetic acid soln. 

150 

74.1 

47.8 

35.5 

26.3 

4 

N/10 NH 4 OH soln. 


It is seen from Table II, A, that pretreatment of wood in a saturated 
potassium chloride solution at 130° C. has less effect on the rate of delignifi- 
cation than pretreatment in water. However the subsequent rate of delignifi- 
cation is only one-half that of untreated wood cooked under the same 
conditions. Heating wood in a saturated solution of calcium hydroxide has 
a very marked effect on the rate of delignification, as shown in Run 151, in 
which the time of cooking was one hour longer than that in the others, yet 
the residual lignin content was nearly as high as that in the pulp obtained in 
Run 120. 

Comparing Run 149, Table II, B, with Run 147 in Table I, B, it is seen 
that pretreatment of wood in N /10 acetic acid solution has about the same 
effect as pretreatment in water under similar conditions. Pretreatment of 
wood in N /10 ammonium hydroxide solution makes the subsequent delignifi¬ 
cation extremely difficult, less than 4% of the lignin having been removed 
^rom the wood after four hours of cooking. 

Since it was shown that the cooking properties of wood are affected by 
pretreatment in both acid and alkaline solutions, it seemed probable that 
the effect was due to the hydrogen ion concentration of the solution. When 
wood is heated in distilled water the solution becomes acidic, owing to the 
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formation of acetic and formic acids. Thus the pretreatment of wood in 
water really consists of heating wood in an acid solution. In order to deter¬ 
mine whether wood structure was an important factor in the pretreatment 
phenomenon, two samples of wood meal were cooked four hours in bronze 
bombs of 200 cc. capacity. One sample had been previously heated in water 
for five hours at 130° C., while the other was untreated. Although the effect 
was not as striking as that obtained with chips, yet a definite decrease in the 
rate of delignification was noted in the case of the pretreated wood meal. 


TABLE III 

The effect of pretreatment in water on wood meal 


Run 

no. 

Yield of 
pulp, % 

Lignin in 
pulp, % 

Residual 
lignin, % 

Condition of wood meal 

156 A 

52 0 

mm 

2.37 

Pretreated in water 

156B 

41.8 

■n 

.66 

Untreated 


It is evident that the higher the temperature employed in the pretreatment, 
the greater will be the quantity of acid formed in the solution. The following 
series of cooks were made to determine the relation between temperature of 
pretreatment and the decrease in the rate of delignification. Since the acidity 
of the solution depends on the temperature, this series also gave an indication 
of the relation between decreased rate of delignification and the pH of the 
pretreating solution. 

Samples of wood were pretreated in water at 100°, 110°, 120°, 140° C. for 
six hours, after which they were cooked for three hours at 140° C. pH deter¬ 
minations were made on the cold solutions obtained after the pretreatment. 

TABLE IV 

Wood pretreated in water at various temperatures, and cooked three hours 

at 140° C. 


Run 

no. 

Yield of 
pulp, 

% 

Yield of 
cellulose, 

% 

Lignin in 
pulp, 

% 

Residual 

lignin, 

% 

Temp, of 
pretreatment, 
°C. 

solution 

136 

52.7 

48.5 

7.96 

4.20 

No pretreatment 


162 

48.0 

43.5 

9.57 

4.59 

100 

4.45 

165 

53.4 

49.1 

8.08 

4.32 

110 

4.55 

164 

58.3 

50.1 

14.2 

8.27 

120 

4.25 

141 

62.2 

51.2 

17.6 

10.9* 

130 

— 

163 

61.2 

41.8 

31.6 

19.4 

140 

3.42 


These results show that there is a close relation between the residual lignin* 
and the pH of the pretreating solution, but they also suggest that the temper¬ 
ature is a very important factor, since only a narrow range # pH has been 
covered, yet at high temperatures the effect becomes very pronounced. It 
is well to emphasize here that all pH determinations reported in this paper 
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were made on solutions at room temperature, and thus give only relative 
values at a higher temperature. Also, when wood is heated in water, the acid 
is formed within the wood chip and, owing to slow diffusion, the wood is 
subjected to a higher acidity than an investigation of the solution would 
indicate. This is clearly shown in the following series of cooks, in which an 
attempt was made to pretreat wood in a neutral solution. This necessitated 
the removal of the acid, formed in the chip, at such a rate that the acidity 
would always be negligible. 

In Run 166 the wood chips were placed in the small cooking cell of the 
penetration apparatus (2, p. 10), and during pretreatment a constant flow of 
distilled water, about 10 cc. per min., was maintained. 

A second attempt consisted of pretreating wood chips in a solution buffered 
to a pH of 7. Mcllvaine’s standard buffer solutions were used (3). The pre¬ 
treatment in Run 169 was carried out in the penetration cell developed in 
this laboratory (2, p. 9). A cylinder of wood 3J cm. in diameter and 2 cm. 
in length was clamped in the cell, and during the pretreatment distilled water 
was forced under pressure through the chip. The raterof flow was about 10 cc. 
per min. The centre portion of this chip was used for the cooking experiment, 
and the results are compared with a run made on the same wood but without 
pretreatment. The pretreatment in each case consisted in heating the wood 
in the specified solution for six hours at 130° C., and the wood was then cooked 
three hours at 140° C. 

TABLE V 


A COMPARISON OF COOKS MADE UNDER VARIOUS CONDITIONS OF PRETREATMENT 


Run 

no. 

Yield of 
pulp, 

% 

Yield of 
cellulose, 

% 

Lignin in 
pulp, 

% 

Residual 

lignin, 

% 

Conditions 
of pretreatment 

136 

52.7 

48.5 

7.96 

4 20 

No pretreatment 

141 

62.2 

51.2 

17.6 

10.9 

Heated in water for 6 hr. at 
130° C. 

166 

56.0 

48.8 

12.9 

7.23 

Flow of distilled water during 
pretreatment 

Solution buffered to a pH of 7 

168 

65.4 

56.2 

14.01 

9.2 

169 

50.3 

48.2 

4.16 

2.09 

Forced penetration of distilled 
water through the chip 

6 

53.0 

51.3 

3.32 

1.76 

No pretreatment 


The pretreatment used in Run 166 had little effect on the rate of delignifica- 
tion, compared with normal pretreatment in water, as shown by Run 141. 
There is an appreciable difference between it and no pretreatment (Run 136). 
That is easily understood since, although the solution around the chips was 
changed, the diffusion factor is so great that a marked effect is still obtained. 
The results of later work, reported in this paper, will explain the significance 
of Run 168. Run 6 was made under a temperature schedule which differed 
from that of Run 169 only in that it would correspond to a slightly longer 
cooking time, so the results are considered to compare fairly closely. 














CORBY AND MAASS: EFFECT OP PRETRBATMENT OF WOOD ON DRUGN1FICATI0N 293 


During the pretreatment in Run 169 there must have existed a concentra¬ 
tion gradient within the chip, and, since the distilled water used had a pH 
of about S 7, the chip must have been heated in the presence of a solution 
of pH about 4 to 5 as measured at room temperature. This assumption is 
borne out by later work. 


For the next two series of cooks white spruce woodmeal was used. The 
density was 0 39 and the lignin content 30 9%. 


Six samples were sealed in glass bombs filled with buffer solutions of pH 
ranging from 3 to 8, and heated at 130° C. for six hours. They were then 
cooked in bronze bombs for three hours at 140° C. The results are tabulated 


in Table VI, and the 
curves of lignin in the 
pulp versus pH, and yield 
of pulp versus pH, are 
shown in Fig. 1. 

Series 173 shows the 
rate of removal of the 
lignin for a given pH of 
the pretreating solution. 
Three samples of woodmeal 
were pretreated in solu¬ 
tions buffered to a pH of 


TABLE VI 

Series 172. Woodmeal pretreated at 130° C. for six 

HOURS IN SOLUTIONS OF pH 3-8 


pH of 
solution 

Yield of 
pulp, % 

Lignin in 
pulp, % 

Residual 
lignin, % 

3 

56 0 

10 4 

5 83 

4 

53 0 

7 4 

3 93 

5 

52 5 

7 25 

3 81 

6 

56 0 

8 37 

4 78 

7 

58 8 

12 6 

7 40 

8 

62 6 

14 2 

8 89 



Fig. 1 
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3, and three in solutions buffered to pH 7. The pretreatment was 
carried out in glass lined bronze bombs to prevent contamination of 
the product through the reaction of the solution on the bronze. After 
periods of two, four and eight hours a bomb from each set was removed. 
The temperature was maintained at 130° C. After suitable washing and dry¬ 
ing the samples were cooked in the glass lined bombs for three hours at 
140° C. 

Discussion 

When the yields of pulp and the lignin in the pulp in Series 172 are plotted 
against the pH of the pretreating solutions, a minimum is obtained correspond¬ 
ing to a pH between 4 and 5 (Fig. 1) determined on the cold solution. On 
either side of this minimum the curve rises rapidly, thus explaining the 
results obtained in Run 168. 

From the results of Table VII (Fig. 2) it is seen that for pH below and above 
4.6 the length of time of pretreatment increases the difficulty of delignification. 

At pH 3 the influence of 
TABLE VII time 0 f heating is as might 

Series 173. Woodmeal pretreated at 130° C. for two, ^ expected approaching 

pH 3 and pH 7 a constant value. At pH 

.. - . - . . 1 ... ,:= 7, increased time of pre- 

pH of Length of pre- Yield of Lignin in treatment seems to have 

solution treatment.hr. pulp, % pulp, % an accelerating in fl ue nce 

3 2 47.2 5.3 on the difficulty of subse- 

3 g 58 7 17 2 quent delignification. This 

7 2 54.7 8 46 accounts for the extraordi- 

7 4 55 6 10.8 . a r 

7 g 63 0 19 2 nary m “Bence of ammonia 

_ in the pretreating solution. 


pH of 
solution 

Length of pre- 
treatment, hr. 

Yield of 
pulp, % 

Lignin in 
pulp, % 

3 

2 

47.2 

5.3 

3 

4 

53.8 

12.7 

3 

8 

58.7 

17.2 

7 

2 

54.7 

8 46 

7 

4 

55 6 

10.8 

7 

8 

63.0 

19 2 



mmmwBmmm 



TIME OF PRETREATMENT, HOUR* 

Fig. 2 
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It cannot be predicted at present in what manner the pH of the buffer 
solutions will alter with temperature*, but from Fig. 1 it is evident that at a 
definite hydrogen ion concentration wood may be heated at 130° C. for as 
long as six hours without any appreciable change in its subsequent cooking 
properties. Heating the wood in a solution of a higher or lower concentration 
of hydrogen ion changes it in such a way that it becomes very difficult to 
delignify by the sulphite process. This is in agreement with the experiment 
of Klason (4) on the pretreatment of wood meal with hydrogen ion con¬ 
centration corresponding to a pH of over 7, which greatly retarded subsequent 
delignification. 

The foregoing results are of particular interest in connection with the 
delignification of wood by sulphite liquor. Work by Gishler and Maass 
shows that the pH of sulphite liquor at the start of the cook is of the order 
3 over a considerable range of concentration, this value being determined at 
the temperature of the cook. This is lower than the optimum pH that would 
be deduced from the experiments cited above, and once cooking starts the 
pH is still further lowered by the formation of sulphonic acids. As was 
stated above, the optimum pH of 4.6 is that of the buffer solution measured 
at room temperature, and may in reality be lower. If on further investi¬ 
gation it is found that the optimum pH does not coincide with that of 
sulphite liquor, it will follow that reduction in cooking time by methods of 
penetration will be of advantage. 

From the results obtained so far it is impossible to deduce with certainty 
what the influence of hydrogen ion concentration is on the solubilization of 
lignin, that is, whether a chemical or colloidal change, or a combination of 
both, takes place. Investigation to clear up this point is under way. 
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THE DISCONTINUITY IN THE DIELECTRIC CONSTANT 
OF LIQUIDS AND THEIR SATURATED VAPORS 
AT THE CRITICAL TEMPERATURE 1 

By J. Marsden 2 and O. Maass 3 

Abstract 

A dielectric cell,‘which is specially adapted to a study of the dielectric constants 
of liquid and gas over a large temperature range, including the critical tem¬ 
perature region, is described. The dielectric constants of methyl ether (liquid 
and saturated vapor) and propylene (liquid and saturated vapor), from room 
temperature to eight degrees above the critical temperatures, are given. The 
measurements show that the dielectric constants of liquid and gas are not 
identical at the critical temperature. These results are in agreement with 
previous work carried out in this laboratory on the discontinuity in properties of 
the medium above and below the point of disappearance of the meniscus. 

Introduction 

In 1902 Eversheim (3, 4) measured the dielectric constant of hydrogen 
sulphide, liquid and saturated vapor, over a temperature range that extended 
above the critical temperature of this substance. The data from this research, 
together with those obtained in its subsequent investigation in 1904, are 
included in the International Critical Tables (5). Their method of presenta¬ 
tion, however, has been altered. Whereas Eversheim plotted his curves 
in such a way as to indicate that the difference between the dielectric constant 
of liquid and that of the gas persisted above the critical temperature, care 
has been taken in the compilation of these data in the International Critical 
Tables to draw in a curve conforming to the classical idea, that at the critical 
temperature (disappearance of a visible meniscus) the properties of liquid 
and saturated vapor become identical. 

Experiments in this laboratory (2, 11, 12, 13) have indicated that when a 
pure liquid is heated somewhat above the critical temperature, even with 
prolonged stirring, such is not the case. 

The actual experimental results of Eversheim seem to be in agreement with 
the latter point of view. In his later experiments he found that when the 
condenser was shaken the difference became less marked. It seems difficult 
to explain why the dielectric constant of the liquid at room temperature should 
be different, when the liquid was shaken and when it was not shaken, so that 
it seems possible that the shaking introduced some influence on the measure¬ 
ment of capacity. When the actual experimental results obtained by Ever¬ 
sheim, when the condenser was shaken, are plotted, there is still a marked 
difference between the dielectric constants above and below the critical 
temperature. 

1 Manuscript received October i, 1935 . 

Contribution from the Physical Chemistry Laboratory , McGill University , Montreal , 
Canada . 

1 Demonstrator in Physical Chemistry , McGill University . 

* Macdonald Professor of Physical Chemistry , McGill University . 
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More recently Litvinoff and Litvinoff (7) measured the dielectric constant 
of liquid ethyl ether over a temperature range including the critical tem¬ 
perature, and found that the dielectric constant of the liquid decreased from 
a value of 1 796 at 194° C. (critical temperature) to a value of 1.760 at 200° C. 

The work in this laboratory showed that if a difference in property existed 
between the medium above and below the disappearing meniscus, such a 
difference persisted, provided that there was no measurable temperature 
difference between top and bottom of the thermostat. Consequently, it 
was decided to investigate the dielectric constant of propylene and methyl 
ether, both for liquid and saturated vapor, paying special attention to this 
precaution. 

The pioneer work in this direction was carried out by H. E. Morris (10) 
in this laboratory. Unfortunately, the repeated failure of the glass, with 
platinum sealed contacts, prevented the completion of this work. However, 
resalts were obtained for propylene, up to within a few degrees of the critical 
temperature which indicated that an extrapolation of the experimental results 
would show a marked discontinuity between liquid and saturated vapor at 
the critical temperature. 

The main object of this study was then to investigate the possible per¬ 
sistence of the properties of a liquid above the critical temperature. 

Reference to other investigators has been made in previous papers published 
by this laboratory (2, 11, 12, 13), and there will also be found a discussion 
regarding their significance. 

On account of the unusual experimental difficulties involved, few data are 
available on the dielectric constant of liquid and saturated vapor, over a 
temperature range including the critical temperature. At the critical tem¬ 
perature, the dielectric constants of most substances are small, and the 
pressures involved are very large. Small capacities have therefore to be used. 

Experimental 

The Dielectric Cell 

The first requirement in this investigation was a cell made of glass, in order 
that the behavior of the meniscus might be observed. This necessitated an 
electrical contact, made through some type of a glass-metal seal capable of 
standing pressures as high as 60 atm. Morris (10) found that platinum-glass 
seals did not withstand the pressures encountered. This difficulty was over¬ 
come by the use of frozen mercury seals. 

The apparatus is shown diagrammatically in Fig. 1. The condenser 
bomb, G y of specially annealed Pyrex glass, with an internal diameter of 16 mm. 
and thickness 4-5 mm., was connected by means of capillary tubing to the 
counterpoise bomb, H } of an internal diameter of 13 mm. and thickness 
2-3 mm. The condenser, A , consisted of a series of concentri^brass cylinders, 
insulated by glass rods and fastened together, so that it could be moved as 
a unit. The capacity of the condenser was approximately 25 fifif. 
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The condenser was connected to a soft iron counterpoise, E, by means of 
a fine brass wire which served also as a lead for the outer plates of the con* 
denser. Copper wire insulated with cotton was soldered to the lead wire, 

and passed longitudinally through the 
centre of the counterpoise, and was 
soldered in turn to a brass spring, B. 
Another spring, fastened to the bottom 
of the condenser, served as a lead for 
the outer plates of the condenser. The 
springs were sufficiently flexible to per¬ 
mit an unhampered movement of the 
condenser. The end of each spring was 
soldered to a nickel wire which made 
contact with the mercury. The wires 
were in turn wedged into place in the 
capillary, so that the springs were kept 
taut. 

The capillary arms of the cell passed 
through two holes drilled in the side of a 
Pyrex jar C, where they were fastened 
securely with litharge-glycerine cement, 
and eafch terminated in the form of a U. 
Mercury was introduced into these U- 
tubes and frozen with a carbon-dioxide- 
acetone mixture. Hydrochloric acid was 
added to the latter, to make it a conduct¬ 
ing medium, which could be grounded. 
Care had to be taken that no air was 
trapped by the mercury, otherwise on 
evacuation it would be drawn up into the cell. To prevent this, the 
mercury seals were filled simultaneously by means of a T-joint connecting 
the U-tubes to a manometer provided with an attached leveling bulb. After 
evacuation of the cell, the leveling bulb was raised until the desired amount 
of mercury was introduced. 

Contact between the measuring set up and the dielectric cell was made 
through two wires, D, dipping into the mercury seals. 

Measurement of Dielectric Constant 

The heterodyne beat method was used for measuring capacity. In the 
preliminary work carried on by Morris (10), the oscillators were of the Hartley 
type. This apparatus had one serious disadvantage in that it was affected 
by stray capacities. This difficulty may be overcome by special operating 
technique when the experimental cell is placed near the measuring apparatus. 
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However, in this work the experimental cell had tojae placed about eight feet 
from the measuring apparatus. Stray capacities were also introduced by the 
metal supports surrounding the bath. 

The measuring apparatus finally adopted by Morris (10) and used by the 
authors is shown in Fig. 2. The Hartley principle was replaced by a tuned 
plate circuit in which the plates of the variable condensers were grounded; 



body capacities were thus eliminated. The hook-up consists of two oscillators 
with a detector and amplification unit. A frequency of 1,000,000 was em¬ 
ployed. 

Since small changes in capacity were measured, the following method of 
increasing the accuracy of the readings was used. A mirror, with a vertical 
cross hair was fastened to the arch of the rotor plates of the condenser. The 
latter was placed in the centre of a five foot wooden circle,.with a vertical 
millimetre scale around its circumference. A beam of light directed on the 
mirror and reflected to the scale gave a sharp shadow of the cross hair capable 
of being read to 0.5 mm. The condenser was adjusted, by means of a pulley 
attached to the rotor plates, and connected to another pulley placed outside 
the wooden circle. 
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The experimental condenser C% was placed in parallel with Ci, and could 
be cut out by means of a mercury switch, thus allowing the lead capacities 
to be checked after every reading. This switch, placed near the experimental 
cell, was operated by a system of pulleys at a safe distance from the bath* 
The oscillators and amplifier were enclosed in galvanized iron boxes. All 
leads were encased in copper tubing and the latter grounded. A condenser, 
Ci , wa3 inserted to offset lead capacity. 

In operation, the variable condenser, was adjusted so that a zero sound 
reading was obtained when the condenser C\ was set in a position such that 
it gave a convenient reading on the scale. The experimental cell C* was 
connected in parallel with Cs and C\ readjusted. The difference in capacity 
of Ci gives the capacity of C 2 . The set-up was such as to make the range of 
inaudibility in the phones small, and the difference between the scale reading 
at which sound could be heard and that at which it could not be heard was 
less than 2 mm. In making measurements the zero sound reading was, of 
course, always approached from the same direction. A change of 0.00192 
in dielectric constant corresponded to a change of 1 mm. on the scale. For 
each dielectric constant determination, the reading for the leads and that 
for the cell inserted were taken, and the reading for the leads checked. This 
series of observations was repeated four times at about two-minute intervals. 
It was found that the scale readings agreed within 1 mm. on the average. 
The procedure for the calculation of dielectric constant will be shown later. 

The Heating Bath 

The bath, C (Fig. 1), was a three gallon Pyrex jar. Dibutyl phthalate 
was used as the liquid medium since it does not discolor as rapidly as most 
bath liquids. It was thus possible to see the meniscus in the bomb. 

A steel drum which served the double purpose of a shield for the experimental 
condenser, and also as a preventive measure in case of an explosion, surrounded 
the thermostat. Three 200-watt Mazda lamps placed behind holes cut in 
the drum gave suitable lighting in the thermostat. 

The dielectric cell was supported by two adjustable aluminium rings, 
attached to a steel rod. 

Vertical movement of the condenser was effected by means of a solenoid, with 
an iron core, which controlled the position of the counterpoise. This solenoid 
was mounted on a carrier running in a grooved brass rod. The carrier was 
connected by a steel chain which passed over a toothed wheel, mounted on 
an axle, to a lead counterpoise. A large pulley fixed on this axle and con¬ 
nected by a belt to another pulley about eight feet distant, permitted mani¬ 
pulation of the magnet at a safe distance from the bath. 

In a study of this kind, one of the most important factors is temperature 
control. Not only must the temperature be kept constant, but also a tem¬ 
perature gradient, between top and bottom of the bomb, must be avoided. 
By means of a telescope, temperatures were read on a standardized ther¬ 
mometer graduated in tenths of a degree. A copper-constantan thermo- 
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couple, having four junctions at the bottom and four junctions at the top of 
the bomb, indicated any temperature difference. The thermocouple was con¬ 
nected to a sensitive D'Arsonval galvanometer. A scale was placed about 
seven feet from the mirror of the galvanometer. A deflection of 1 cm. on 
this scale corresponded to a temperature differential of 0 02° C. 

Two heaters were placed at the sides of the bath* and one at the top and 
one at the bottom; the last two were so adjusted as to eliminate any tem¬ 
perature difference shown by the thermocouple. A four bladed stirrer was 
used. It was found possible to maintain uniformity of temperature in the 
bath to better than 0 01° C. 

A 110 volt d.c. circuit supplying power for heaters, magnet and motor 
was grounded through a 10,000 ohm resistance. All metal parts surrounding 
the bath were grounded. 

The whole bath assembly was enclosed in a wooden box fitted with safety 
glass windows. 

Preparation for an Experiment 

The capillary T-joint at the top of the dielectric cell was connected to a 
vacuum pump. The cell was heated to 100° C. and alternately evacuated 
and flushed with air dried over phosphorus pentoxide. 

Propylene was prepared, as described by Maass and co-workers (1, 8, 9), 
by the dehydration of isopropyl alcohol over alumina at 350° C. Purification 
was carried out by low temperature fractionation, the purity being checked 
by the vapor pressure after every fractionation. 

Methyl ether (99 9%), obtained from Ohio Chemicals, Ltd., was condensed 
into the fractionation system, and purified in the manner described for 
propylene. 

The cell was evacuated and flushed several times with the substance to be 
investigated. A volume of liquid equal to 24/85 of the total volume of the 
cell was distilled in, from a graduated tube, the bath being cooled with a 
carbon-dioxide-acetone mixture. 

C. p. benzene, dried over sodium, was used in the calibration of the con¬ 
denser. 

Results 

Methyl Ether * 

The condenser was calibrated with air and benzene. The dielectric constant 
of liquid methyl ether at two temperatures was then calculated from these 
data, the temperatures chosen being such that the dielectric constants differed 
by a large amount. These measurements were made directly, one after the 
other. Knowing the dielectric constant at these two temperatures, these 
values could be used in all subsequent experiments for purposes of calibration. 
This was necessary in view of the fact that there was a slight change in thte 
capacity of the set-up, owing to the rearrangement of the apparatus and to 
other causes. The foregoing calibration was carried out as fbrows. 

* Critical temperature , 126,9° €• 
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302' , 


The dielectric constant of the medium in the condenser cell is C», where 
C, is the capacity when the medium is substance x and C a when it is air. 


Let Cb ■» capacity of condenser in benzene 
C m => capacity of condenser in methyl ether 
e * * dielectric constant of benzene 
e m = dielectric constant of methyl ether. 

Then 

C» “ tbCa 
Cm * €mCa • 


( 1 ) 

( 2 ) 


The capacity of the condenser in air is given by 

L + C. - kD a , ‘ (3) 


where L is the capacity of the internal leads, including mercury seals, D a is 
the deflection of the experimental condenser in air, as measured on the scale 
of the precision condenser, and k is the proportionality factor. Similarly 

L + Cb - kDb (4) 

L + Cm - kD„. ( 5 ) 

It follows, by substituting the values of and' C m obtained by means of 
Equations (1) and (2) in Equations (4) and (5), respectively, that Equations 
(3), (4) and (5) may be solved simultaneously to give 




/ (An ~ AjKg* ~ 1) \ , , 
\ (D' b - DJ I + 


From this equation the dielectric constant of methyl ether was determined 
at two temperatures, h and h, the deflections being D tl and D h . 

From previous equations it follows that, 


and 

Solving 


C.( t * - 1) - k(D„ - Da) 

- 1) - k(D„ - Da), 
1 Ca (til . 

(Dn — Dt,) 


TABLE I 


The relation between the dielectric constant of liquid methyl 

ETHER AND TEMPERATURE 


Temp., 

°C. 

Dielectric 

constant 

Temp., 

°C. 

Dielectric 

constant 

mmam 

Dielectric 

constant 

24.5 

5.034 

95.8 

3.338 

127.6 

1.903 

37.3 

4.732 

100.3 

3.227 

128.2 

1 899 

50.5 

4.424 

103.2 

3.167 

128.3 

1.885 

55.5 

4.310 

104.9 

3.114 

130.4 

1.878 

60.6 

4.179 

109.0 

2.993 

131.7 

1.873 

66.3 

4.048 

115.3 

2.811 

135.6 

1.860 

69.95 

3.949 

116.9 

2.749 



75.0 

3.831 

120.6 

2.615 

Hysteresis curve 

80.3 

3.712 

123.2 

2.492 



85 :i 

3.598 

125.0 

2.369 

130.0 

1.874 

90.2 

3.474 

126.1 

2.257 

127.8 

1.882 
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Having determined k(0 0193C„), it 
was possible to calculate the dielectric 
constant of methyl ether at any other 
temperature at which the deflection 
was measured. 

It was convenient to obtain the 
dielectric constant of the gas above 
the critical temperature by raising the 
condenser into the gas phase, and com¬ 
paring the dielectric constant of the 
gas with that of the liquid. The 
reason for this will be discussed later. 
The dielectric constant of the gas was 
calculated on the assumption that the 
dielectric constant of the liquid and 
that of gas were the same at 135° C., 
eight degrees above the critical tem¬ 
perature, i.e., 1.860 as determined 
from the liquid curve. Knowing the 
change in deflection of the condenser 
with change in temperature and the 
dielectric constant at 135° C., “the 
dielectric constant was determined for 



different temperatures, in the ^ame 
manner as described for the liquid. 


Fig. 4. The dielectric constant-temperature 
relation for methyl ether liquid and gas from 
100 8 to 135 * C. 
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TABLE II 

The relation between tee dielectric constant op methyl ether gas and temperature 


Temp., 

Dielectric 

constant 

Temp., 

# C. 

Dielectric 

constant 

Temp., 

°C. 

Dielectric 

constant 

59.2 

1.225 

112.2 

1.426 

126.0 

1.760 

80.0 

1.262 

114.5 

1.462 

127.4 

1.827 

100.0 

1.343 

119.5 

1.538 

130.1 

1.858 

104.1 

1.364 

122.0 

1.590 

134.1 

1.856 

106.1 

1.377 

123.0 

1.605 



109.4 

1.404 

124.8 

1.667 




Propylene* 

The dielectric constants of propylene were calculated from the absolute 
values of the dielectric constant at 45 and 65° C., as given by Morris (10). 
The relative changes in deflection with temperature were measured, and the 
dielectric constants calculated in the same way as described for methyl ether. 
The value of the proportionality constant, k, is 0.0191 C«. Incidentally, this is 
an independent check of the value 0.0193 C a foun^ in the previous calibration. 

TABLE III 

Relation between tee dielectric constant of propylene liquid and temperature 


Temp,, 

°c. 

Dielectric 

constant 

Temp., 

°C. 

Dielectric 

constant 

Temp., 

°C. 

Dielectric 

constant 

21.0 

1.873 

65.0 

1.690 

89.9 

1.445 

25.1 

1.864 

67.9 

1.669 

90.7 

1.419 

29.9 

1.852 

71.4 

1.654 

91 4 

1.375 

34.5 

1.843 

75.7 

1.625 

91.6 

1.350 

39.2 

1.824 

81.1 

1.579 

91.9 

1.331 

45.0 

1.795 

83.5 

1.547 

93.1 

1.318 

50.2 

54.8 

1.779 

1.742 

87.6 

1.493 

96.4 

1.314 


The dielectric constant of the gas was calculated in the same way as described 
for methyl ether. The dielectric constant of gas and liquid were assumed to 
be equal at 100° C., eight degrees above the critical temperature. 



* Critical temperature, 91.9" C. 
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TABLE IV 

Relation between the dielectric constant op propylene gas and temperature 


Temp., 

°C. 

Dielectric 

constant 

Temp., 

•c. 

Dielectric 

constant 

Temp., 

° c r 

Dielectric 

constant 

31.8 

1 114 

80.0 

mm 

90.2 

1.258 

50.8 

1 134 

82 2 


91.1 

1.279 

69.5 

1.144 

84.4 


92.6 

1.304 

72.4 

1.151 

88.5 


94.8 

1.310 

75.9 

1.165 

89.9 

HI 

98.0 

1.310 


Discussion 

The cell has been designed in such a way that simultaneous measurements 
of the dielectric constants of liquid and vapor could be made by moving the con¬ 
denser, by means of the magnet. This was, of course, of particular interest 
in connection with determinations above the critical temperature. 

Such experiments were car¬ 
ried out with propylene and 
the results shown in Table V 
were obtained. 

It will be seen that with 
rise in temperature the di¬ 
electric constants of gas and 
liquid approach each other, 
but the difference is far too 
great when compared with 
the results of Winkler and 
Maass (13), and Tapp, Steacie 
and Maass (12). 

It was thought that this 
might be due to a change in 
capacity when the condenser system is moved vertically in a uniform medium. 
This could be accounted for by a relative change in position of the brass 
spirals during the movement. Consequently measurements were carried out 
when the condenser arm was filled with benzene. It was found that there 
was a change in capacity. 

This change in capacity can best be presented in terms of an apparent 
change in the dielectric constant of benzene, for purposes of the calculation 
of the dielectric constant of the gas. When the condenser was immersed in 
the liquid propylene (the normal position in the liquid), the accepted value for 
the dielectric constant of benzenejat59.2° C. of 2.198 is taken(6). When the 
condenser was moved into the position where, in the propykoe medium it was 
in the gas (normal position in the gas), the apparent dielectric constant of 
benzene was found to be 2.145’. These changes in capacity were found to be 


TABLE V 

Dielectric constants of propylene gas and liquid* 
(not corrected for displacement of condenser) 


Temp., 

° C. 

°C. above 
critical 

€ liquid 

< gas 

91 9 

0 

1.331 

1 226 

93.1 

1.2 

1.318 

1.239 

96 4 

4.5 

1.314 

1.257 


* As determined by simultaneous measurements on 
liquid and gas, above the critical temperature. The con¬ 
stants for the gas are based on the absolute values of the 
liquid, with the assumption that displacement of the con. 
denser cell from its normal position in the liquid caused 

mo r It nut nm not r/iAo/'Vfu . 
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reproducible, thus showing definitely that there was a change in capacity 
when the position of the condenser was changed in the condenser arm filled 
with a unifqrm medium, the counterpoise arm being filled with air. 

When thus correction is applied to tlhe results shown in Table, V, the values 
of the dielectric constant shown in Table VI are obtained. 

It was decided not to use 
this method, as (the correction 
is probably not quite sound. 
This is becausp of the fact 
that the meditfm (propylene 
or methyl ether) introduced 
into the cell was of such an 
amount that some liquid was 
in the counterpoise arm, since 
as it has to be arranged that 
the visible meniscus in the con¬ 
denser arm would disappear 
in such a position that the con¬ 
denser could be moved from 
below to above the point of dis¬ 
appearance of the meniscus*. 

Howevter, these dbta illustrated the following phenomenon. When the 
meniscus disappears^ a difference in medium persists above and below the 
point where it was last seen. This difference becomes less with rise in tem¬ 
perature, above the (Critical. As the bath temperature was kept constant, 
at each temperature above the Critical, during the time when the condenser 
was moved up and down, these experiments show that the considerable 
stirring brought about by this movement did not destroy the difference in 
dielectric constant. 

Because of the uncertainty of the correction to be applied for the up and 
down movement of the condenser, the absolute values for the dielectric 
constants of the gas were calculated on the assumption that at 8° C. above 
the critical temperature the medium would be uniform, within the accuracy 
of measurement. 

The data presented are of interest in two ways. The dielectric constant of 
two liquids and their saturated vapor have been measured, and it has been 
shown that above the critical temperature a difference in dielectric constant 
persists between the medium, above and below the disappearing meniscus. 

The interest attached to the first will be discussed in a subsequent paper, 
as it was not the main object of the present investigation, except in so far as 

* It was mentioned before that the space was filled to 24/85 of the total volume of the bomb, in 
order to have the meniscus disappear at the same position, as it was at room temperature. 
This wot very difficult on account of the large dead space in the counterpoise arm, as well as in the 
condenser arm. The distribution of liquid between the condenser arm and counterpoise arm was 
brought about by evaporation and condensation, and by tried and error the relative amounts were so 
adjusted that the condition mentioned above could be brought about. 


TABLE VI 

Dielectric constants of propylene gas and liquid* 
(corrected for displacement of condenser) 


Temp,, 

°c. 

.. _ i 

e liquid 

I 

<gas 

91.9 

1 331 

1.279 

93.1 

1.318 

1 292 

96.4 

1 314 

1.310 


* As determined by simultaneous measurements of 
liquid and gas above the critical temperature. The con¬ 
stants for the gas are based on the absolute constants of 
the liquid, but are corrected for the displacement of the 
condenser ceil, the corrections being based on the apparent 
variation of the dielectric constant of benzene with dis¬ 
placement from the normal position. 
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to point out the extraordinary 4 difference in the shapes of the methyl ether 
and the propylene curves' (Figs. 4 ahtf 5). The dielectric constant of liquid 
methyl ether decreases with extraordinary rapidity from one degree below 
the critical temperature to one degree above, whereas the relatively non-polar 
propylene shows a far less marked dielectric constant temperature gradient. 

With regard to the second, the following observations may be made. The 
results are in agreement with the experiments carried out in this laboratory 
by Maass and co-workers (2, 11, 12, 13) on what happens above the critical 
temperature. They could of course have been predicted from the fact that 
a difference in density between gas and liquid persists above the critical tem¬ 
perature, and that on lowering the temperature a separation into the original 
composition of the medium above and below the disappearing meniscus does 
not take place*. The data will perhaps be useful when additional data 
obtained in investigations now in progress on refractive index, viscosity and 
solubility above the critical temperature have been accumulated. 
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STUDIES IN THE SYSTEM 
CALCIUM-OXIDE-SULPHUR-DIOXIDE-WATER 

II. CALCULATION OF IONIC CONCENTRATIONS* 

By P. E. Gishler* and O. Maass* 


Abstract 

The conductivity and vapor pressure data of the system calcium-oxide- 
sulphur-dioxide-water presented in an earlier paper have Been used .to calculate 
ionic concentrations existing in this system, in the temperature and pressure 
range investigated. Two methods of calculation have been employed, one 
depending on the combination of vapor pressure and conductivity data, and the 
other, on conductivity data. For both, recourse was had to the data of Campbell 
and Maass on the system sulphur-dioxide-water. These methods gave results 
that are in good agreement with each other. The existence of a complex 
CaSOi Ca(HSOi)t was deduced. 

Hydrogen ion concentrations over the concentration and temperature range 
investigated have been calculated and extrapolations made to higher tempera¬ 
tures. These are presented in tabular form. Apart from the theoretical interest, 
it is pointed out that these results are of value in connection with studies of the 
delignification of wood by calcium-oxide-sulphur-dioxide-water solutions. 

Introduction ' 

In an earlier paper (2) a technique was described for determining vapor 
pressures and conductivities of the system calcium-oxide-sulphur-dioxide- 
water, and the data obtained were presented. Vapor pressure and conduc¬ 
tivity values were given for a wide range of concentrations and temperatures. 
These values will be used in the present paper to determine hydrogen ion 
concentrations. Their particular interest will be discussed later on. 

The system calcium-oxide-sulphur-dioxide-water can, under various con¬ 
ditions, contain a wide variety of compounds distributed throughout three 
phases. To illustrate, sulphur dioxide in the gaseous phase is in equilibrium 
with sulphur dioxide in the liquid phase. This is in equilibrium with sul¬ 
phurous acid, which in turn is in equilibrium with its ions. On the other 
hand, calcium oxide combines with water to form calcium hydroxide, which 
is difficultly soluble in water and ionizes to some extent. Calcium hydroxide 
reacts with sulphur dioxide to form solid calcium sulphite. According to 
current ideas, calcium sulphite, virtually insoluble, forms calcium bisulphite 
in the presence of an excess of sulphur dioxide, calcium bisulphite existing only 
in solution. The complex nature of this system makes the determination of 
ionic concentrations difficult. In this paper only those concentrations and 
temperatures at which there is no solid calcium sulphite present will be 
considered. 

The salient feature of the papers by Maass and Maass (6), Morgan and 
Maass (7) and Campbell and Maass (1) on the sulphur-dioxide-water equilib¬ 
rium was the evidence presented to indicate that, with rise in temperature, 

1 Manuscript received August 3, 1935. 

Contribution from the Division of Physical Chemistry , McGill University , Montreal, 
Quebec , Canada. 

* Holder of a bursary and studentship under the National Research Council of Canada. 

* Macdonald Professor of Physical Chemistry . 
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sulphur dioxide in the liquid phase exists to a large extent as dissolved gas 
rather than as sulphurous acid, and that the higher the temperature the smaller 
is the amount of sulphurous acid present. As a result the apparent dis¬ 
sociation constant, K ol of sulphurous acid decreases rapidly with increase in 
temperature although the true dissociation constant, Kt, may be only slightly 
altered. In any case the hydrogen ion concentration definitely decreases 
with rise in temperature. This property of the sulphur-dioxide-water system 
helps to give good qualitative explanation of the variation in conductivity of 
the system calcium-oxide-sulphur-dioxide-water with variation in calcium 
oxide concentration and temperature. To elucidate this the data of an earlier 
paper (2) are presented in Figs. 1 to 4. 

In Fig. 1 it is seen that at 25° C. the hydrogen ion concentration at 0% 
calcium oxide is fairly large. The addition of calcium oxide increases the 
total number of ions, but reduces the number of hydrogen ions whose mobility 
is so much greater than that of the other ions that the addition of calcium 
oxide actually reduces the conductivity. With continued addition of calcium 
oxide the influence of the increase in the number of ions gradually predominates. 
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and therefore in the 6% and 5% sulphur dioxide Curves a minimum is found. 
At 50° C. (Fig. 2) this minimum in the 6% and 5% curves is not so low, 
because at the higher temperature the initial concentration of hydrogen ions 
in calcium-oxide-free solution is much less. It is so much less at 70° C. 
(Fig. 3) and still more so at 90° C. (Fig. 4) that here the minimum disappears 
entirely. The reason for this is that the increase in the number of ions due to 
the addition of calcium oxide has the predominating influence because of the 
relatively fewer hydrogen ions present at the start. Furthermore, the forma¬ 
tion of bisulphite ions due to the solution of the calcium oxide tends to decrease 
still further the number of hydrogen ions. 

With the 4% solution, when more than 2% calcium oxide has been added 
the condition is reached where solid precipitates out, and, since the solid has 
a negative temperature coefficient, at 70° C. a maximum is reached in the 
conductivity values of the 4% curve. Beyond the maximum, the decrease 
in conductivity is due to the formation of solid which involves a reduction 
in the total number of ions. At the higher temperature, 90° C. (Fig. 4), 
this is still more pronounced. At 50° C. (Fig. 2) the 4% curve is virtually 
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a straight line. To begin with, the increase in the number of ions, with the 
addition of calcium oxide, just compensates for the decrease in average 
mobility owing to the removal of hydrogen ions. Eventually in this case with 
continued addition of calcium oxide, precipitation of solid begins to decrease 
the number of ions, and at a point beyond those for which data are tabulated 
this curve will start to bend down, that is, show a decrease in conductivity. 
This is indicated in the 2% and 3% sulphur dioxide curves in this figure. 
It can therefore be seen that the conductivity values of the system calcium- 
oxide-sulphur-dioxide-water conform to the idea of decreasing hydrogen ion 
concentration with rise in temperature in the simpler system sulphur-dioxide- 
water. 

It is of considerable interest to make a quantitative estimate of the magnitude 
of the ionic concentrations. In the first place, this will add to the knowledge 
of the nature of the equilibria existing in this system. In the second place, 
the concentration of hydrogen ions has been an important influence at higher 
temperatures on the physical-chemical structure of lignin. Since the system 
calcium-oxide-sulphur-dioxide-water is used for the delignification of wood, 
it is of particular interest to evaluate the hydrogen ion concentration of this 
system at various temperatures and under various conditions of concentration. 

Hagglund and Johansson (3) have measured the rate of hydrolysis of starch, 
and calculated the hydrogen ion concentrations from the results of these 
experiments. Their results will be compared later on with those calculated 
by the authors. 

For the calculation of the hydrogen ion concentrations from the data 
presented in a previous paper (2), two independent methods can be used. 
The first involves a combination of the vapor pressure and conductivity 
values. The second method depends on the information obtained from 
conductivities alone, provided that one takes into account the evidence, 
based on vapor pressure data, for the existence of a soluble calcium complex 
somewhat different from the commonly accepted idea of the formation of 
calcium bisulphite. Each method will be treated separately and then a 
comparison of the results will be made. The calculated hydrogen ion con¬ 
centration will be discussed in connection with the role that sulphite liquor 
plays in the delignification of wood. 

Before making any calculations a few points are worth discussing. The 
nomenclature used is the same as that employed by Campbell and Maass (1). 
Thus Cc*o, Csoj are the number of gram molecules’of calcium oxide and 
sulphur dioxide respectively which are added to water to form one litre 
of the solution. The square brackets [ ] refer to concentrations in solution, 
and curved brackets () are used where in the case of a divalent ion the 
equivalent concentration in solution is to be designated. t 

Part of the calculations are based on laws of equilibria which are only 
strictly true when the activity coefficients are unity, and as t^is is not the case 
they might be looked upon as approximations. However it may be pointed 
out that the results obtained are nearer the true values for the system under 
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investigation than might at first appear. Thus Henry’s law has been found 
by Campbell and Maass to hold with high degree of accuracy up to 12% $0» 
solution at temperatures above 25° C. (See Fig. 7 of the paper by Campbell 
and Maass.) Ionic concentrations are based on conductivity measurements, 
and equilibrium constants calculated from them were found to hold (Campbell 
and Maass (1)). If the fact that they hold is fortuitous owing to compensation 
of two factors, nevertheless the ionic concentrations will agree with those 
calculated from such constants. 


Calculation of Hydrogen Ion Concentrations from Vapor 
Pressure and Conductivity Data 

According to Henry’s law the partial pressure of the sulphur dioxide is 
proportional to the concentration of the dissolved sulphur dioxide. 

P - K x [SO,] 


The dissolved sulphur dioxide is in equilibrium with the dissolved sulphurous 
acid since 

[SO,] [H,0] - Kt' [H,SO»] ' 


and 


[SO,] - Kt [HjSO,], 


as the concentration of the water may be regarded as virtually constant for 
dilute solutions. The sulphurous acid is proportional to the product of the 
hydrogen ion and bisulphite ion concentration, since 

H,SO, - K t ' [H + ] [HSO, - ]. 


Consequently the partial vapor pressure of the sulphur dioxide is proportional 
to the product 


[H+] [HSO,-]. 


When calcium oxide is dissolved by excess sulphurous acid, the calcium 
complex formed, if it gives rise to bisulphite ions, will increase the amount of 
sulphurous acid, which in turn will increase the concentration of dissolved 
sulphur dioxide, and this will cause an increase in the partial vapor pressure 
of the sulphur dioxide. Consequently the vapor pressure of an aqueous 
solution of sulphur dioxide should be increased when a solution containing 
1 gm. mol of calcium oxide and 2 gm. mols of sulphur dioxide is added. There¬ 
fore it is possible from considerations of vapor pressure data to evaluate 
solutions containing equal products [H + ] [HSO, - ], independently of the 
amount of calcium oxide that was added. Suppose a solution containing 
Cc»o gm. mols of calcium oxide has a vapor pressure P, then it follows that 
the product [H + ] [HSO, - ] in this solution has the same value as the product 
[H + ] [HSO, - ] of a solution containing sulphurous acid alone and having the 
same vapor pressure. Since the hydrogen ion concentrations of sulphurous 
acid solutions have been determined by Campbell and Maass (1), it is there¬ 
fore possible, by having recourse to their data, to calculate the product 
[H + ] [HSO, - ] in a sulphurous acid solution containing dissolved lime. 
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Apart from the accuracy with which the vapor pressures for the solutions 
involved have been determined, the accuracy will depend on the validity of 
the relation 

[H + ] [HSOj - ] - K»' [H,SOj]. 

Now although this relation will not hold over a wide range of concentrations 
when uncorrected concentrations are used, this aberration becomes of less 
importance when it is remembered that comparisons are made for solutions 
in which the products of the ionic concentrations are the same, and therefore 
the product [H + ] [HSOj - ] can be evaluated with a fair degree of certainty 
for those solutions for which the vapor pressure data have been determined. 

The conductivity, K, multiplied by 1000 is equal to the algebraic sum of 
the products of the ionic concentrations and mobilities, hence, 

1000/C - *,.~(Ca++)* + Mhso, - [HSO,-] + Mh*[H + ] 

where = equivalent mobility of Ca ion, 

(Ca ++ ) = equivalent concentration of Ca ion, 

Mhso,- = mobility of HSOs ion, 

[HSOj - ] = concentration of HSOs ion, 

= mobility of H ion 
[H + ] = concentration of H ion. 

Furthermore 

(Ca ++ ) + [H+| - [HSOrl • 

Since a third equation is given by 

[H+] [HSOrl - 5, 

where the numerical value of S is determined from the data of Campbell 
and Maass (1), elimination of (Ca ++ ) and [HSOs - ] gives rise to the equation 

(Mb* ~ Mbbo ,~) [H + ]’ ~ 1000 K [H + ] + + I* hso,~) S 0 , 

and _ 

H+ lOOOiC — "\/_(1000 K)' — ~ Mmo.~) (Me, 1 * MHao.~)^ (1) 

2(Mh ♦ — Mhso,-) 

The mobilities for the hydrogen and bisulphite ions taken are'*thoee used by 
Campbell and Maass (1). The mobilities of the Ca ion at 25°, 50°, 70®, 
and 90° C. based on the International Critical Tables (4), are taken as 59.5, 
90, 114 and 139 respectively. 

A sample determination of (H+) for a solution containing 1% of calcium 
oxide and 5% of sulphur dioxide at 50°‘C. is first given. The conductivity 
of the solution is 0.0400 (Table II, Gurd, Gishler, Maass (2)) and its vapor 
pressure is 75.6 cm. The concentration of a sulphurous acid solution having 
this vapor pressure and temperature is 3.53% (Campbell and Maass (1) ). 
A solution having this concentration has a hydrogen ion concentration, s^nd 
therefore a bisulphite ion concentration, of 0.0651, hence S has the value 
(0.0651)*. Substituting in Equation (1), the hydrogen ion /concentration is 
found to be 0.0236 gram mols. 

* For convenience { ] will be used for tool concentrations, and ( ) for equivalent concentration*. 
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In Table 1 the hydrogen ion concentrations over .the range of concentrations 
and temperatures for which data are available, calculated by means of 
Equation 1, are shown. 

TABLE I 

Hydrogen ion concentrations: vajpor pressure method 


% CaO 

%so, 

25®C. 

50° C. 

70° C. 

90° C. 

0 

2 

0.066 

0.049 

0.037 

0.028 

0 

3 

.081 

.060 

.045 

.033 

0 

4 

.095 

.069 

.051 

.037 

0 

5 

.109 

.077 

.056 

.041 

0 

6 

.122 

.084 

.061 

.045 

0.5 

2 

.0140 

.0106 

.0065 

.0033 

0.5 

3 

.0282 

.0158 

.0100 

.0053 

0.5 

4 

.0417 

.0227 

.0134 

.0074 

0.5 

5 


.0312 

.0178 

.0099 

0.5 

6 


.0457 

.0235 

.0130 

1.0 

2 

0079 

.0045 

.0033 

.00097 

1.0 

3 

.0192 

.0097 

, .0049 


1.0 

4 

.0362 

.0157 

.0085 

Hi 

1.0 

5 


.0236 

0125 

.0068 

1.0 

6 


.0352 

0173 


1.5 

3 

.0142 

.0044 

.0020 

9 

1.5 

4 

.0250 

.0094 

.0054 


1.5 

5 

.0382 

.0147 

.0086 

.0054 

1.5 

6 


.0204 

.0119 

.0074 

ua 

4 

.0121 

.0041 

.0035 

.0027 


5 

.0172 

.0078 

.0059 

.0049 


6 

.0238 

.0105 

.0078 

.0054 


Calculation of Hydrogen Ion Concentrations from 
Conductivity Data 

Instead of using the vapor pressures of solutions of calcium-oxide-sulphur- 
dioxide-water to evaluate the product [H + ] [HS0 3 ~j from Campbell and 
Maass’s data, the relation 

[H+] [HSO,~] 

“ " ISO,] + IH.S0.1 

can be used, since the equilibrium upon which this equation is based also exists 
in the presence of the dissolved calcium oxide. The numerical values for K a 
have been determined by Campbell and Maass (1), and it is evident from their 
data that within experimental error, K a is constant at a given temperature 
over a wide range of concentrations. If Cg©, is the number of gram mols 
of sulphur dioxide in the solution in which all the calcium Oxide has been 
dissolved then 

Cgo, - [SO,] + [HjSOjI + 2[Ca(HSO,),] + [HSOr]. 

If the solution of the lime or calcium sulphite is due to the formation of calcium 
bisulphite then 


Ca(HSO,), U Ca ++ + 2HSOT . 
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The concentration of the HSO»~ may be written 

Chso,* “ a[HSOr] + /3[HS0,“), 

where a is the fraction of the bisulphite ion associated with hydrogen ions 
and j3 the fraction associated with calcium ions, so that 

flHSOrl - 2[Ca++J 

and 

a[HSO»~] - [H + ] 

Furthermore! 

Cco ■* [Ca(HSOi),] + [Ca ++ ] 

Hence 

[SO,] + [H.SO,] - Cgo. - 2 (Ca(HSOi),] - /3[HSOr] - a[HSOr] 

“ Cgo, — 2 Cc«o — a[HSO,“] 

- Cbo, ~ 2 Coo - [H + ]. 

The equation 

jt ihso,-] 

* [SO,] + [H,SOi] 


becomes, in the presence of lime, 

r 1H- 1 -] |g[HSO,~] + <3[HS0,-]1 
Cbo. -2 Coo - tH + ] 


and this becomes 


H+ ([H+] + 2 [Ca* + D 
" Cgo, - 2Coo - [H + ] • 

Rearranging this we get 

|H + ]* + (2 [Ca ++ ] + K.) [H + ] - (Cgo, - 2C c .o)*. 

As before 


o. 


10002C - /io* + (Ca ++ ) + mh*[H + ] + Mmor a[HSO,"l + Mhbo.- ftHSOrl 

where 

2[Ca*+] » (Ca + *) 

1000K «* Guo” + Mmor) (Ca**) + (jig* + Mnso,-) fH + ] 

By combining the above two equations 

[H + ]» + L - ^±WC .. [H + ] + K.] [H + ] - (Cgo, - 2Coo)*.- 0. 

LMO»' H ‘ + MH 80 ,~ Mea* + Mnaor J 

w + ^fSr- - S &S£ w+- < c “- - 2 -» 

(i£Vw) |H ‘>' + ( 1000Jr -^-;^ ' - ! ^ )IH + 1 - (Cbo, - ! C^)K. - 0 
— / 10QMC 4“ (Me*** + Mhbo.~)^A 

jh +1 - v Mo.** + Mhbo.- _ l , 

2(jj&L=JtBL.) 

\MOa^ + MH$Or/ 




a 

' Vo>** 


SLZJt*L.\ 

+ Paso,-/ 


( 2 ) 
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When Equation (2) is used to calculate ionic Concentrations, the values 
found are less than those obtained with Equation (1). To illustrate this a 
few comparisons are made in Table II. 

TABLE II 


CoMPARISION or [H + ] CALCULATED BY KEANS OF EQUATIONS 1 AND 2 FOE SOLUTIONS 
OF 1% CALCIUM OXIDE AND 4% SULPHUR DIOXIDE 


Temp., 6 C. 

25 

50 

70 

90 

Equation 1 



0 0085 

0.0045 

Equation 2 


.0115 

.0064 

.0036 


The differences are not very large and it would be an achievement to make 
it possible to evaluate the hydrogen ion concentration to this degree of 
accuracy above 50° C. Nevertheless, a reason for this difference can be 
found. Equation (2) is based on the assumption that calcium sulphite 
dissolves to form calcium bisulphite. If this is the case then a homogeneous 
liquid phase cannot be formed until the sulphur dioxide concentration is at 
least such that 

2 C B o, “ Cco 

It was observed that complete solution sometimes took place before this 
sulphur dioxide concentration was reached. Again if calcium bisulphite, 
only, is formed, the vapor pressure of solutions containing less sulphur dioxide 
than that given by 

2 Cgo, “ Cco 

should be, if anything, less than that of water, whereas in the sulphur dioxide 
concentration range between C 80l = Cco and 2C S o, = Cco the vapor 
pressures are markedly greater than those of water. This is illustrated in 
Fig. 5 in which the partial vapor pressures of sulphur dioxide are represented 
in terms of the ratio Cgo/Cco- 



Fio. 5. Partial pressure SO.— 1% CaO. 
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From a consideration of the vapor pressures it seems obvious that a soluble 
complex containing a smaller amount of sulphur dioxide than is given by the 
ratio Com to 20*,, is formed. Since stoichiometric proportions must be 
retained, it is pertinent to examine the evidence of a complex depending on 
the ratio ICcm to l.SCgo,. To such a complex die structural relation 

Ca—HSO, 

\(>i 

Ca—HSO, 

might be assigned. While not advocating one way or another the fundamental 
basis of Langmuir’s concept of the structure of the atom (5), the authors do 
believe that the postulates advanced by Langmuir indicate the possibility 
of the existence of a molecular structure, and according to Langmuir's postu¬ 
lates the above structure is a possible one. 

A comparison of vapor pressures of solutions containing calcium oxide and 
sulphur dioxide in aqueous 

solution with those con- TABLE III 

taining only sulphur di¬ 
oxide in aqueous solution, T “5P-> SO, 

can be used to determine ' ‘ m 

whether the formation of CaO 0 5% Total SO, — 3% Fret SO,—2.14% 

the above complex is prob- 25 19 2.1 

able. For instance, using 50 46.5 2.1^ 

the above structure, a 90 140 L93 

solution containing 0.5% Ca0 _, 0% ToU1 so,_, % FmS Or-2.3% 

of calcium oxide and 3% 

of sulphur dioxide at 25° |5 24 2.2^ 

C. should contain 2.14% 70 91 2^20 

of free sulphur dioxide. _ 152 2,2 

This is the vapor pressure CaO— 1 5% Total SOr-5% FreeSQr-2.43% 

of a 2.1% sulphur di- 25 29 2 3 

oxide solution, as found by 50 56.5 2^6 

Campbell and Maass (1). ™ 2 | 

A large number of similar - 

c as es were examined and Cad—2.0% Total SO,—6% FreeSOr—2.58% 

found to conform with the 50 55 2.6 

above structure. A num- ™ 2 | 

bet of these are included _____ 
in Table III. 

The results given cover the temperature range 25° to 90°.C. and the con¬ 
centration range passes diagonally across the entire range of concentrations 
studied. Above each section of Table III the concentration of calcium oxide 
and sulphur dioxide is given, together with the amount of uncombined sulphur 
dioxide based on a ratio ICoo to 1.5Cbo,. The three colurpps of each section 
contain the temperature, the v#por pressure for the given concentration and 


Temp., 

v.p., 

so, 

°C. 

cm. 

% 

CaO—0 5% 

Total SO*—3% 

Free SQi—2.14% 

25 

19 

2.1 

50 

46.5 

2.1 

70 

88 

2.08 

90 

140 

1.93 

CaO—1 0% 

Total SOr—4% 

Free SO,—2.3% 

25 

24 

2.2 

50 

52 

2.33 

70 

91 

2.20 

90 

152 

2.2 

CaO—1 5% 

Total SO*—5% 

Free SO,—2.43% 

25 

29 

2.3 

50 

56.5 

2.6 

70 

105 

2.6 

90 

180 

2.8 

CaO—2.0% 

Total SO*—6% 

Free SO,—2.58% 

50 

55 

2.6 

70 

110 

2.8 

90 

210 

3.4 
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temperature, and finally, the concentration of sulphur dioxide required 
according to Campbell and Maass’s (1) data to produce the vapor pressure 
shown in Column 2. On the basis of a 2 to 1 ratio, the amount of free sulphur 
dioxide would be very different, 1.86 as compared to 2.14% for a solution con¬ 
taining 0.5% calcium oxide and 3% sulphur dioxide; 1.83 as compared tx> 
2.3% for a 1% calcium oxide and 4% sulphur dioxide, and so on. 

There is one marked exception to the general agreement. This is found 
at the end of the last section (CaO 2%, SO* 6%, at 90® C.). The free sulphur 
dioxide found was 3.4%, which is considerably higher than the estimated 
value. At the precipitation temperature there is a marked increase in the 
slope of the vapor pressure curve. Therefore at a concentration and tem¬ 
perature within the precipitation range, this relation cannot hold. This is 
also found, but to a lessened degree, in the section immediately above that 
under discussion. A discussion of the phenomenon of precipitation must be 
left for a later paper. 

On the above evidence therefore it can be assumed that there is evidence 
for the formation of 

CaSO,. Ca(HSOj), , i 

and the influence of this concept on the evaluation of the hydrogen ion con¬ 
centration by I Equation (2) will now be shown. Without considering the 
matter in as gfeat detail as that given above, the following equations may be 
listed * 

Cso, [SOJ + [HiSOi] + 3[CajSOj(HSOi)s] + [Ca,SO s ++ ] + a[HSOr] + flHSOr] 
Coo ■*! 2[CajSO»(HSOj)j] + 2[Ca,SO,++] 

2 [SO,] + 2[H,SO,] = 2C 80l - 6[Ca,SO,(HSO,),] - 2[Ca,SO, ++ ] - 2a[HSOf] - 2/SfHS0r] 
[SO,] + [H,SO»] = C 80l - 1.5Coo + 2[Ca,SO» ++ ] - a[HSO,-] - 0[HSOr]. 

As before 

2[Ca 2 S0 8 ++ ] - |9[HSOs"] 

and 

[H+] - a[HSOf ]. 

Hence Equation (2) becomes 


[H + ] - 


S tOOQK + (Mcatso/n-, + Mhso r ) K * ' 

V_ (m chigoe + Mbs or) _ * 

2(mc».boi++ ~ Mh+) 
(Mc^o,** + Mhso,") 


+ 


V( 


10QQ2C + (MOaSO** 4 4* MHBoD-KqV | 

(M+ MHSQ,") / 


^(MCaiSOi^ — MH+) 
(Mcnso/* + Mhso,") 


(Cso, — 1‘SCcao) 


2(MC«,SOi++ — Mh+) 
(MCa^o.-n* + Mhso,") 


(3) 


Equation (3) is identical with Equation (2), except that C S o, “-203*0 is 
replaced by — 1.5Cc*o, and that tb*** is replaced by • The 

mobility of the Ca*S08+ + ion is unknown, but there is probably little error 
in assigning to this ion a mobility the same a9 that of the calcium ion. It is 
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as if the calcium ion carries along with it a calcium sulphite molecule, and 
the assumption is that the hydration of both ions is such that the additional 
weight is of no material importance. In any case the mobility of the hydrogen 
ion is so much greater than that of the other ions that the use of the mobility 
of the calcium ion for the supposed Ca*SOj ++ ion will not introduce any large 
error. 

It may be worth noting that the imposing appearance of Equation (3) does 
not mean that intricate and new ideas have been employed in its deduction. 
The apparently involved calculations can be considerably simplified since 
certain terms such as 

(Cgo, - 1.5Co»o); 0*o» 1 so,* + + A*hso,-) 

etc., have constant values for certain temperatures and concentrations. 
However, for the presentation of the relation the replacement of such terms 
by constants which would then have to be defined, would not add to the 
simplification of its representation. 

Before tabulating the values obtained for the hydrogen ion concentration 
as calculated by Equation (3), it should be mentioned that if the complex 
CaSOj.Ca(HSO»)j is only partially dissociated, so far as bisulphite ions are 
concerned, an equation identical with Equation (3) would be obtained except 
that the mobility of the ion CaSOj. Ca(HSO») + would have to replace that of 
the Ca*SO* ++ ion. 

TABLE IV 


Hydrogen ion concentration— Cso, — 1.5 c»o 


% CaO 

%so» 

25° C. 

50° C. 

70° C. 

90° C. 

0.5 

2 

0.0165 

0.0106 

0.0063 

0.0039 

0.5 

3 

.0328 

.0158 

.0099 

.0055 

0.5 

4 

.0511 

.0238 

.0141 

.0091 

0.5 

5 


.0335 

.0180 

.0123 

0.5 

6 


.0465 

.0229 

.0155 

1.0 

2 

.0048 

.0024 

.0014 

.0010 

1.0 

3 

.0191 

.0099 

.0051 

.0031 

1.0 

4 

.0354 

.0160 

.0109 


1.0 

5 


.0233 

.0123 . 

* .0077 

1.0 

6 


.0328 

.0163 

.0106 

1.5 

3 

.0060 

.0033 

.0018 

.0010 

1.5 

4 

.0185 

.0092 

.0053 

.0032 

1.5 

5 

.0282 

.0148 

.0085 

.0055 

1.5 

6 

.0403 

.0202 

.0113 

.0074 

lo 

4 

.0064 

.0038 

.0022 

.0014 


5 

.0149 

.0082 . 

.0055 

.0035 


6 

.0232 

.0097 

.0074 

.0055 


Discussion 

A comparison of the hydrogen ion concentrations as evaluated by Equations 
(1) and (3) shows excellent agreement at those concentration and tempera¬ 
tures at which experimental da£a are such that this agreement might be 
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expected, if both equations are based on a sound foundation. This is the case 
with the values obtained at 50, 70 and 90° C. where concentrations are such 
that the solid phase is absent. This is not the case with a few 90° C. values 
having a relatively high CaO/SO* ratio. At that temperature and calcium 
oxide concentration, partial precipitation takes place, and, of course, with the 
appearance of the solid phase, Equations (1) and (3) do not hold. The 
question of precipitation temperatures will be dealt with in a later paper. 

Apart from this, the greatest discrepancy is to be found with some of the 
values at 25° C. at 1.5 and 2.0% of calcium oxide concentration. With 
these the partial vapor pressures of sulphur dioxide are so small that the 
experimental error in vapor pressure determination is sufficient to account 
for the discrepancy. On the other hand, the conductivity values in this 
region are more accurate. The reverse is true at high temperatures. Con¬ 
sequently in weighing the relative merits of the values for hydrogen ion 
concentration given in Tables I and IV, greater weight should be given to 
those in Table I for temperatures of 70 and 90° C., whereas for temperatures 
of 25 and 50° C. greater weight should be given to Table IV. 

It was pointed out in a previous paper (2) that the greatest extrapolation 
of data was made with the 0 5% calcium oxide concentration, and con¬ 
sequently the values for hydrogen ion concentrations deduced at that con¬ 
centration will not be quite as accurate as those for the higher calcium oxide 
concentrations. From an experimental point of view, the data in the neigh¬ 
borhood of 1% CaO may be taken as the most accurate. From the data 
available, bisulphite ion concentration can also be calculated. This has been 
omitted however in order not to unduly lengthen the paper. 

One of the main points of interest concerning the hydrogen ion concen¬ 
trations is, as was shown in an investigation the results of which are to be 
published shortly, that there is an optimum hydrogen ion concentration at 



Fig. 6 . Hydrogen ion concentrations —1 -0% CaO. 
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Fig. 7. Hydrogen ion concentrations—1 -5% CaO. 


which the lignin in wood when heated above 130° C. is not changed into a 
condition in which the delignification cannot be brought about readily by 
the system calcium-oxide-sulphur-dioxide-water. 


The data for hydrogen 
ion concentrations have 
been established only up 
to 90° C. but it is possible 

TABLE V 

Hydrogen ion concentrations—extrapolated 

VALUES 


Temp., 

°C. 

0% 

CaO 

& 

1.5% 

CaO 

to extrapolate by plotting 
log [H + ] against 1 /T. 

This has been done for 
solutions containing 4, 5 
and 6% SO*, and 1 and 
1.5% CaO (Figs. 6 and 7). 
Between 25 and 90° C. the 
above relation is linear and 
therefore it is reasonable 

4% SO, 

5% SO, 

6% SO, 

130 

140 

130 

140 

130 

140 

0.020 

.017 

.022 

.019 

.024 

.021 

0.0016 

.0013 

.0025 

.0020 

.0032 

.0025 

0.0012 

.0010 

.0022 

.0018 

.0032 

.0027 

to expect that extrapolated 







values will be fairly accurate. In Table V the hydrogen ion concentrations 
are given at 130 and 140° C. 


In a paper by H&gglund and Johansson (3) to which reference has already 
been made, the rate of hydrolysis of starch solutions containing 5% of sulphur 
dioxide and 1.24 and 0.8% calcium oxide has been measured. This was 
carried out during the cooking of wood, over a temperature range of 60 
to 130° C. It is not quite clear from their paper as to the temperature at 
which the hydrogen ion concentration was measured at the start of the cook, 
but as they mentioned that the hydrolysis of the starch was measured between 
110 and 120° C. it is assumed th^t the hydrogen ion concentrations obtained 
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refer to those at that temperature. If that is the case, the values that they 
obtained—0.00437 for the 1.24% calcium oxide solution and 0.00479 for 
the 0.8% calcium oxide— compare fairly well with those calculated from the 
data of the authors for these concentrations at 113° C., namely 0.0033 and 
0.0039 respectively. 

HSgglund indicates that the evidence Of Campbell and Maass for the low 
hydrogen Ion concentration of sulphurous acid at high temperatures, and 
consequently the still lower hydrogen ion concentrations in the presence of 
calcium oxide, were not truly representative of the hydrogen ion concentration 
during the cooking of wood, owing to the formation of sulphonic acids. Camp¬ 
bell and Maass recognized this. In the presence of wood, complications such 
as the relatively greater absorption of free sulphur dioxide compared with that 
of fixed sulphur dioxide occur, as was shown by Saunderson and Maass (8). 

So far as the application of the hydrogen ion concentration data established 
in this paper to the practical process of the delignification of wood is concerned, 
the obtaining of the data in this paper must be looked upon as a first step in 
this direction. It may be pointed out that the action of the chlcium oxide is 
such as to produce something analogous to that of 'a buffer solution. The 
influence of sulphonic acids on the equilibria that have been discussed above 
is the subject of a further investigation. As the present paper has for its 
main object the presentation of the physical chemical equilibria that exist 
in the system calcium-oxide-sulphur-dioxide-water, a detailed discussion of 
the application of the results to the delignification of wood by sulphite liquor 
will be left for later papers dealing with this phase of the subject. 
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HYDROGENATIONS IN A TETRALIN MEDIUM 

I. DESTRUCTIVE HYDROGENATION OF BITUMEN AND PITCH 1 
By E. H. Boomer 2 and J. Edwards* 


Abstract 

The importance of a suspension medium in processes of destructive hydro¬ 
genation is discussed, with particular reference to the efficiency of the medium 
as a hydrogen carrier. The value of tetralin as a medium, in that it is a good 
solvent, is stable to heat ; and acts as a hydrogen carrier, has been determined in 
the hydrogenation of bitumen and stable pitch. Tetralin does not cause an 
increase in yield of oil but does improve the quality somewhat. It increases the 
rate of hydrogenation of bitumen but does not affect that of stable pitch. 


Introduction 

Previous reports from this laboratory (2, 3) on the destructive hydro¬ 
genation of coal have shown the importance of the suspension medium in 
such processes. Within the limits of the work, it was found that the medium 
was fully as important as any added solid catalyst. Consideration of the 
reactions involved suggests that such a result might be expected. As the 
term implies, destructive hydrogenation involves two principal reactions; 
namely, thermal decomposition and hydrogenation. Both reactions are con¬ 
current and take place until substances resistant to further action are produced, 
but the reactions differ fundamentally in their basic characteristics (9). 
Thermal decomposition is irreversible and proceeds to completion, yielding 
gas and coke, the velocity of the reaction increasing rapidly with rising tem¬ 
perature. The reaction may be described as a monomolecular decomposition 
accompanied by polymerization of the products. In contrasty the hydro¬ 
genation reaction is reversible and is relatively less sensitive to temperature 
changes. Generally, equilibrium is shifted towards dehydrogenation with 
rising temperature and decreasing hydrogen concentration. 

Satisfactory control of destructive hydrogenation requires that thermal 
decomposition should produce unsaturated molecular fragments at such a 
rate that these fragments may be stabilized by hydrogenation before poly¬ 
merization can take place. The implied mechanism, that stabilization of 
the products of decomposition occurs through hydrogenation, l\jts been found 
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satisfactory and coincides with the views of Tropsch (14), Kling and Florentin 
(10) and Kiss (9). Waterman and Perquin (15), supported by Bruyiants' (4) 
work on coke-oven tars, suggest from a consideration of their results with 
paraffin wax the view that the primary products of decomposition are stable, 
and the function of the hydrogen is the prevention of dehydrogenation to 
unstable bodies capable of polymerization. The appreciable absorption of 
hydrogen, either gaseous or from the medium, observed in this work makes 
it probable that Waterman's mechanism plays a minor part in the process. 

Assuming the first mechanism, ideal conditions of operation would require 
a low temperature, a high concentration of reacting substances and catalysts 
capable of promoting both reactions. At the temperatures used, the rate of 
hydrogenation of unsaturated molecular fragments must be very great; 
thus a catalyst capable of promoting hydrogenation is unnecessary. On the 
other hand, the provision of a high concentration of reactants and the use of 
a catalyst to ensure adequate supplies of decomposition products at com¬ 
paratively low temperatures are essential. In this regard, Tropsch (14) and 
Kling and Florentin (10) have suggested that the primary function of the 
catalyst is the promotion of the thermal decomposition reaction. The sus¬ 
pension medium offers an excellent means of fulfilment of these conditions 
by acting as a solvent for the raw material, the thermal decomposition products 
and hydrogen. A large number of substances may be suggested, but an ideal 
substance would also act as a hydrogen carrier by maintaining a supply of 
combined hydrogen greatly in excess of that possible in true solution. Such 
ideal substances should be capable themselves of rapid reversible hydro¬ 
genations. Tetralin (1,2,3,4-tetrahydronaphthalene) is typical of such sub¬ 
stances and fulfils the requirements to a large degree. 

Tetralin is readily prepared from naphthalene by hydrogenation (13) even 
on a commercial scale. Hall (6) and others (7,11) have examined the reaction 
between hydrogen, naphthalene and tetralin at temperatures as high as 
500° C., or higher, and have found that a catalyst is essential. Tetralin is 
the principal constituent of the equilibrium mixture at 400° C., while decalin 
appears in small quantities at higher temperatures. Both tetralin and decalin 
are fairly stable at 400° C., while naphthalene is stable at higher temperatures. 
Cracking of tetralin to benzene and related compounds is slight at 400° C. and 
extensive at 450° C. and independent of the presence of a catalyst, excepting 
the cracking type such as aluminium chloride. It may, therefore, be concluded 
that tetralin, naphthalene and hydrogen will participate in a rapid reversible 
reaction at temperatures of about 400° C. in the presence of hydrogen at 
high pressures and a catalyst like molybdic oxide. The hydrogen atoms in 
the 1, 2, 3, 4 positions in tetralin are in a highly active state and represent a 
concentration of two gram molecules of available hydrogen per gram molecule 
of medium. 

The superior action of tetralin as a suspension medium and its ability to 
hydrogenate coal in the absence of free hydrogen have been reported (2, 3), 
and are clearly consequences of its unique properties as described. Undoubt- 
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edly other compounds of a similar nature and value in destructive hydro¬ 
genation exist, as a study of patent literature attests, but it is doubtful 
whether any fulfil the requirement to a degree comparably with tetralin. 

In order to confirm the value of tetralin as a suspension medium and to 
extend the field of application, investigations have been carried out on a 
number of materials. In what follows, the use of tetralin in the hydrogenation 
of McMurray bitumen and pitches resulting from distillation of hydrogenated 
bitumen and coal will be described. The hydrogenation of bitumen in the 
presence of a variety of catalysts has been reported (1). The material absorbs 
hydrogen rapidly with the production of light oils. Distillation of the oil 
and repeated hydrogenation of the residual oils yielded an asphaltic residue, 
about 15% of the bitumen, that was highly resistant to destructive hydro¬ 
genation. In general the heavy oils and pitches resulting from the distillation 
of hydrogenated bitumen showed great thermal stability and resistance to 
hydrogenation. The thermal stability, at atmospheric pressure, of the pitches 
obtained from hydrogenated coal has been remarked upon (2). 

Experimental data on the hydrogenation of stable coal tars have been 
presented by King and Mathews (8) and by Morgan and Veryard (12). 
According to Morgan the hydrogenation of otherwise resistant residues may 
be brought about by the use of molybdic oxide and sulphur as catalytic 
agents in a very high concentration of hydrogen. The effectiveness of this 
catalyst was shown by King in the continuous hydrogenation of coal tars 
and of their residues from previous hydrogenation. The most effective means 
of obtaining rapid and complete reduction to oils was found to be vapor phase 
hydrogenation at temperatures as high as 500° C. 

Materials, Apparatus and Procedure 

Bitumen, supplied through the kindness of Dr. K. A. Clark of the Research 
Council of Alberta, was prepared from McMurray bituminous sands (5). 
The bitumen was dehydrated by heating it at 110° C. until evaporation of 
water ceased; it contained 1.5% mineral matter. Its composition has been 
given (1). 

Oils obtained by hydrogenating bitumen were distilled according to the 
A.S.T.M. gasoline test; the end point of the distillation was 300° C. The 
pitch-like residues obtained in a number of experiments were combined and 
this composite pitch was used in the work to be described. The pitch was 
soft at, room temperature and could be distilled to 400® C. at atmospheric 
pressure without decomposition. 

Two types of pitches were obtained from hydrogenated coal exactly as 
described above (by distillation to 300° C.). One type of pitch was made up 
of all the residues obtained in experiments in which tetralin was used as t 
suspension medium for coal. This pitch was solid at room temperature and 
extraordinarily stable to heat. The other type of pitch waa^made up of 
residues from experiments in which liquid petrolatum was used as medium (3), 
This pitch was soft at room temperature and slightly less stable to heat. 
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The tetralin was Eastman’s Practical Grade, b.p. 202-204° C. 

The catalyst used throughout was molybdic oxide, prepared by roasting 
ammonium molybdate and grinding it to pass a 100 mesh screen. 

Commercial electrolytic hydrogen as supplied in steel cylinders was used. 
The apparatus, including the 1800 cc. rocking autoclave with accessories, 
has been described (1) in detail. 

The procedure was identical with that employed in the hydrogenation of 
coal (3). Weighed amounts of material and medium were thoroughly mixed 
with the required amount of catalyst and introduced into the autoclave. 
Hydrogen was admitted until the pressure was that at which it was desired to 
operate, and the temperature of the autoclave was raised to the operating 
temperature, which was maintained constant for four hours. The autoclave 
was then cooled, the gases were withdrawn and fresh hydrogen was admitted. 
The autoclave was heated for a second period of four hours, and cooled. The 
gases were then withdrawn, and the autoclave was opened. The liquid and 
solid products were weighed, separated, and the liquids distilled. The gases 
were stripped in charcoal absorbers and analyzed. 

f 

Results and Discussion 

The results of experiments with bitumen and pitch are shown in Tables I 
and II. The values for hydrogen absorbed, gas produced and the yields of 
oil, coke and gas are given by weight and based on bitumen or pitch, as the 
case may be, correction being made for added catalyst and tetralin. The 
distillation data constitute an exception in being based on the total oil re¬ 
covered. In these calculations it was assumed that tetralin did not absorb 
hydrogen or suffer any decomposition or loss. All losses have been assigned 
arbitrarily to that part of the initial charge consisting of bitumen or pitch. 
This procedure gives somewhat less favorable results than may be true 
regarding the production of oil. 

Bitumen 

The results obtained in Experiments 178 and 179 show that there is little 
advantage in the use of tetralin. Hydrogen absorption is higher, but coke 
and gas formation are also higher and the oil yield is lower with tetralin. 
The lower oil yield may be accounted for in the high loss recorded in Experi¬ 
ment 179. 

The oil obtained in Experiment 179 appears to be of a better quality, but 
the difference in properties may be explained by the presence of tetralin. 
The yields of pitch, when calculated to a bitumen basis, are almost identical 
in the two experiments. Evidence of more complete reaction in the presence 
of tetralin is given by the formation of hydrqgen sulphide. Without tetralin, 
about 33.5% of the sulphur content of the bitumen was removed as hydrogen 
sulphide. With tetralin, 51% of the sulphur appeared as hydrogen sulphide. 

Examination of the pressure-temperature-time records of the experiment 
shows definitely that better results are obtained when tetralin is used. Fig. 1 
gives the pressure-time record for Experiments 178 and 179. The rate of 
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reaction with tetralin is very 
much greater, about twice that 
with bitumen alone, although 
the pressure drop is much the 
same in both cases. The action 
of tetralin may be likened to 
that of a catalyst in increasing 
the velocity, without altering sub¬ 
stantially the extent, of reaction. 

In Experiment 180, tetralin 
was used as a hydrogenating 
agent in the absence of hydrogen. 
Natural gas, 93% methane with 
traces of ethane and propane 
and 5% nitrogen, was used in 
place of hydrogen to create the 
required high pressure. A con¬ 
siderable quantity of gas, in¬ 
cluding a small amount of hy¬ 
drogen, was produced in the re¬ 
action and a considerable amount 



Fig. 1. Pressure-time relations showing tempera¬ 
tures for the first cycles in the hydrogenation of bitumen 
with and without tetralin. 


TABLE 1 


Hydrogenation of McMurray bitumen in the presence of tetralin at 400° C. 


Gas 

Hydrogen 

Natural gas 

Experiment No. 

178 

179 

180 

Bitumen, gm. 

391 

294 

302 

Tetralin, gm. 

0 

110 

104 

Average pressure, lb. per sq. in. 




Initial, cold 

1115 

1060 

1035 

Maximum, hot 

2575 

2450 

3510 

Final, cold 

770 

795 

1105 

Pressure change 

Hydrogen absorbed, % of bitumen 

—345 

— 265 

70 

2.0 

2.3 

r - 

Gas produced, 1. per kg. bitumen 

57.7 

82.1 

185 

Gas—Hydrogen, % 

81.6 

80.2 

3.4 

—Hydrogen sulphide, % 

Yields, basis bitumen 

3.1 

3.6 

1.0 




oh* % 

85.0 

78.0 

36.8 

Solid, % 

6.0 

6.7 

22.2 

Charcoal absorber, % 

2.1 

2.7 

6.3 


4.2 

. 4.8 

20.4 

2.7 

7.8 

14.3 

Oil analysis 

Density 

.9236 

.9341 

.9603 

Viscosity, 25® C., poises 

.445 

.134 * 

.027 

Soluble in H«S0 4 , % 

50 

64 

54 

Carbon residue, % 

6.18 

2.83 

4.9 

Distillation of total oil 

Over at 175° C, % 

10.5 

9.1 

6.3 

Over at 225® C., % 

16.5 

41.3 

43.7 

Over at 300° C., % 

33.0 

52.0 f 
48.0 * 

57.8 

Pitch, % 

67.0 

42.2 


Note: —Two treatments of four houis each. Catalyst, 5% MoO% (by weight). 
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of cracking was evident from the high coke yield and fluid nature of die oiL 
Most of the hydrogen was produced during the first treatment. On distillation 
the oil showed a naphthalene content of 33.6%, recovered as crystals. This 
amounts Roughly to 50% of the tetralin used. Gaseous hydrogen recovered 
amounted to 0.675 gm., which corresponds to 22.3 gm. of tetralin. Evidently 
more than half of the hydrogen content of the reduced tetralin reacted with 
the oils. Assigning all this hydrogen to the bitumen, the absorption was 
0.3%. Undoubtedly the tetralin yielded hydrogen to the bitumen and 
probably to a greater extent than 0.3%. 

In conclusion, it may be said that tetralin acts as a catalyst in the destructive 
hydrogenation of bitumen. Its presence is beneficial from the point of view 
of increasing the rate of reaction rather than of increasing the conversion to oils. 

Pitches 

The results of experiments on the hydrogenation of pitches recovered from 
hydrogenated bitumen and coal are given in Table II. 

It was shown previously (1) that the pitch obtained from hydrogenated 
bitumen possessed great stability, and could be decomposed and hydrogenated 
only in the presence of aluminium chloride at 460 to 500° C. Experiments 
176 and 177 were comparative experiments on such a pitch, with and without 
the addition of tetralin. There was a noticeable gain in oil yield and decrease 
in coke and gas yield in the presence of tetralin. The pressure-time and 
pressure-temperature charts failed to show any difference in the rate of 
reaction. The benefits apparent in Experiment 177 are not all real, however, 
since the yield of pitch, based on bitumen, is greater. It may be concluded 
that the use of tetralin is of no great benefit. 

The hydrogenation of pitches recovered from hydrogenated coal was also 
carried out with and without tetralin. The results (Experiments 172 to 175) 
are shown in Table II. The temperature, 450° C., employed in these experi¬ 
ments was the only condition that differed from the conditions existing in the 
experiments discussed above. This difference is significant, however, since 
Hall (6) has shown that the decomposition of tetralin under such conditions 
is appreciable. 

Contrary to expectations, tetralin had no great effect on the hydrogenation 
of the less stable pitch obtained from coal and petrolatum. A higher hydrogen 
absorption and production of a better quality oil in the presence of tetralin 
suggested that the reaction was not the same in each case, but no difference 
in rate of reaction was discernible in the pressure-time-temperature records. 

With regard to Experiments 173 and 174, in which pitch obtained from 
hydrogenated coal and tetralin mixtures was treated, the results offer some 
evidence of a beneficial action due to tetralin. The yield of oil, based on 
bitumen alone after subtracting the added tetralin, was. more than 71% in 
Experiment 173, compared with 67% in Experiment 174. Hydrogen absorp¬ 
tion was greater and coke formation less on the same basis in the presence of 
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TABLE II 


Hydrogenation or pitches in the presence op tetralin 


Pitch type 

From 

bitumen 

From coal and 
petrolatum 

From coal and 
tetralin 

Experiment No. 

176 

177 

172 

175 

174 

173 

Pitch, gm. 

399 

293 

390 

356 

387 

268 

Tetralin, gm. 

0.0 

98 

0.0 

42 

0.0 

129 

Temperature, °C. 

420 

420 

450 

450 

450 

450 

Average pressures, lb. per sq. in. 
Initial, cold 

Maximum, hot 

Final, cold 

Pressure change 

1100 

2360 

640 

—460 

1060 

2500 

750 

-310 

930 

2245 

670 

-260 

1135 

2740 

820 

-315 

1065 

2495 

555 

-510 

1035 

2360 

610 

-425 

Hs absorbed, % of pitch 

2.4 

2.3 

1.6 

2.3 

2.8 

3.4 

Gas produced, 1. per kg. pitch 

75.6 

61.3 

48.6 

95.0 

90.6 

156.0 

Hi in gas, % 

71.7 

82.3 

83.0 

72.8 

62.2 

71.8 

Yields, basis pitch 

oil, % 

Solid, % 

Charcoal absorber, % 

Gas, % 

Loss, % 

84.3 

5.8 

2.7 

6.8 
0.4 

94.2 

3.5 

2.4 

3.9 

Gain 

89.5 

0.0 

1.3 

3.3 
5.9 

87.0 1 
0.9 
3.9 
9.6 
Gain 

67.2 

13.9 

2.1 

9.3 

7.5 

71.7 

5.3 

4.5 

11.3 

7.2 

Distillation of total oil 

Over at 175° C., % 

Over at 225° C., % 

Over at 300° C., % 

Pitch, % 

Loss, % 

3.1 

6.6 

17.2 

80.5 

2.3 

2.3 

22.4 

36.7 

63.2 

0.1 

E 

I 

mmm 

1.6 

8.6 

22.5 

76.7 

0.8 

6.6 

30.7 

43.1 

52.9 

5.0 


Note: —Two treatments of four hours each. Catalyst, 5% MoO, (by weight). 


tetralin. On the other hand, no difference in rate of reaction was found in 
the two experiments. It may be suggested that the difference between the 
results of these pairs of experiments is due to the different composition of the 
two pitches. The pitch used in Experiments 172 and 175 would be richer 
in saturated hydrocarbons, and that used in Experiments 173 and 174 would 
be richer in polynuclear compounds. 

From the point of view of continuous operation in the reduction of bitumen 
and of coal to oils, the conversion of the resistant pitches is of importance. 
The foregoing results do not offer much hope that such conversion can be 
Accomplished. However, the results are not extensive enough to make a final 
conclusion possible. Further experiments, in which higher temperatures or 
cracking catalysts such as aluminium chloride are used, should be carried out 
in order to determine under what conditions these pitches may be reduced. 
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HYDROGENATIONS IN A TETRALIN MEDIUM 

II. DESTRUCTIVE HYDROGENATION OF COAL WITH TETRALIN AND 
WITH A MIXTURE OF RELATED COMPOUNDS AS MEDIA 1 

By E. H. Boomer* and J. Edwards* 

Abstract 

A complex mixture of polynuclear hydrocarbons obtained in the pyrolysis of 
natural gas has been hydrogenated. The original mixture and the product of 
hydrogenation have been used as suspension media in the hydrogenation of 
bituminous and domestic coals, and are compared with tetralin as a medium. 

The original mixture is much less, and the hydrogenated mixture only slightly 
less, effective than tetralin. 

Introduction 

In the first of this series of papers (2), the use of tetralin as a medium in 
destructive hydrogenation processes was discussed, and it was suggested 
that other substances might serve with similar results. The present paper 
gives results of experiments in the hydrogenation of coal in which a fluid 
mixture of aromatic hydrocarbons known as pyrolysis tar was used as sus¬ 
pension medium. 

A large body of literature exists on the hydrogenation of aromatic hydro¬ 
carbons, including polynuclear compounds such as naphthalene, anthra¬ 
cene and others (8). Hydrogenation proceeds smoothly and rapidly under 
proper conditions of moderate temperatures and pressures of hydrogen in the 
presence of a catalyst. Decomposition reactions begin as the temperature 
approaches some limiting value, usually near 400° C. (9), and the final product 
contains paraffins, cycloparaffins and hydro-derivatives of polynuclear hydro¬ 
carbons. The use of polynuclear hydrocarbons and their hydro-derivatives in 
destructive hydrogenations has been mentioned frequently in the patent liter- 
ture (6), but relatively little has been published in detail. The use of naph¬ 
thalene and tetralin as media in the hydrogenation of Alberta coal has been 
reported (4, 5). Beuschlein et ah (1), in a series of reports, described the use 
of anthracene and diphenyl as media in the hydrogenation of American coals. 
He obtained higher percentage conversions with anthracene. 

Materials and Apparatus 

Two low-rank Alberta coals, Nos. E-305 and J-309, classified in the Canadian 
system* as bituminous and domestic respectively, were* used. Analyses of 
these coals and the method of preparing them^for use, which consisted of 
drying and grinding them in an inert atmosphere, have been given (5). The 
coals contained 10.1% and 8.8% ash, on a dry basis. 

1 Original manuscript received July 2 , 1935 . 4 

Contribution from the Chemical Laboratories of the University of Alberta , Edmonton , 
Canada, with financial assistance from the National Research Council of Canada and the Research 
Council of Alberta, w 

* Associate Professor of Chemistry, University of Alberta, * 

• Research Assistant, Research Council of Alberta , 1931-33. Present address: McGill 
University, Montreal. 
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The pyrolysis tar was obtained as a product of the pyrolysis of natural gas 
at 950° C. (7). This material was a black, fluid, highly complex mixture of 
aromatic hydrocarbons. Distillation analysis of the material in an A.S.T.M. 
gasoline apparatus gave the results shown in Table I. Of the large num¬ 
ber of hydrocarbons in the 


TABLE I 

A.S.T.M. DISTILLATION OF PYROLYSIS TAX 


10 

Vo over at 208 

50% 

over at 309 

20 

% over at 225 

60% 

over at 325 

30 

% over at 244 

70% 

over at 386 

40<; 

% over at 269 

73.5% over at 390 


material, benzene, toluene, 
styrene, chrysogen, chrysene 
and diphenyl methane occur 
in small amounts and have 
been identified. Naphthalene 
and anthracene were present 
in large amounts, the former 
constituting about 25%, and 
the latter 5%, of the mixture. 
Finely divided solid material, high in carbon and insoluble in all common 
solvents, was present as a stable suspension to the extent of 9% by weight* On 
removal of this material the tar became dark brown. 


Note: —Initial b.p. 90 # 
mm. of mercury. 


C.; barometric reading, 670 


Molybdic oxide, prepared by roasting ammonium molybdate, was em¬ 
ployed as a catalyst in all experiments. Commercial electrolytic hydrogen 
was used as supplied. 


The apparatus, an 1800 cc. oscillating autoclave, and the procedure, have 
been described in detail (3). 


Results and Discussion 

All percentage data are given on a weight basis and refer either to the total 
of coal and ash, on a moisture free basis, plus medium, or to the coal and ash, 
on a moisture free basis, alone. While the solid residue obtained in these experi¬ 
ments was generally more than half inorganic material, consisting of ash and 
catalyst, the data tabled refer only to the organic portion. In Experiment 
186 the data refer of course to pyrolysis tar only. Under the heading “con¬ 
version of coal, A M F basis”, all losses and gas production have been assigned 
to the coal and none to the medium. The original weight of medium was 
subtracted from the total oil yield to give the yield of oil from coal. The 
procedure is arbitrary and does not give a correct presentation of the con¬ 
version of coal to oil. Most of the losses occurred in connection with the 
liquid products and should be assigned to both coal and medium. A division 
of the losses is, however, impossible. Gas was also produced through decom¬ 
position of the medium, an idea of the amount being given by the results of 
Experiment 186, but again a division cannot be made. The most accurate 
data on the conversion of coal for comparative purposes are shown under 
“per cent solids”. 

Treatment of the tar alone, Experiment 186, resulted in rapid absorption 
of hydrogen. The high yield of solid, 9%, does not represent the true coke 
formation, as about 9% of free carbon was present initially in the pyrolysis 
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TABLE II 

HYDROGENATION OF PYEOLYSI5 TA&, AND ITS USE AS A SUSPENSION MEDIUM IN THE 

HYDROGENATION OF COAL 


Experiment No. 

186 

183 I 

188 

] 

189 

j 

187 

1S3 ! 

i 

161 

Medium 

Pyrolysis tar 

Hydrogenated 
pyrolysis tar 

Tetralin 

Coal sample no. 


£.305 

J-309 

B-305 

J-309 

B-305 

J-309 

Medium, gm. 

505 

204 

182 

190 

199 

150 

150 

Coal. gm. 

— 

191 

182 

195 

199 

200 

200 

Temperature, °C. 

425 

450 

450 

450 

450 

450 

450 

Average pressures, lb. per sq. in.:— 








Initial, cold 

■ 

1090 

1115 

1120 

1130 

1000 

1045 

Maximum, hot 


2720 1 

3080 ! 

2740 

3340 

2570 

2950 

Final, cold 

480 

435 

500 ! 

505 

500 

510 

585 

Pressure change 

—640 

-655 

-615 

-615 

-630 

-490 

-460 

Hydrogen absorbed, % AMF coal 

2.2 

4.1 

4 2 

3 8 

3.7 

3.4 

3.4 

Gas produced* 1. per kg. AMF coal 

47.0 

118 

102 

115 

123 

85.0 

94.3 

Hydrogen in off-gas, % by volume 

70.0 

44.3 

53.9 

54 3 

48.2 

72.0 

71.3 

Yields* basis AMF coal plus medium 








Liquids. % 

85.9 

61.2 

71.5 

77.9 

69.0 

75.7 

72.0 

Solids, % 

9.0 

19.9 

10.3 

6.3 

8.2 

7.1 

1.8 

Charcoal absorber, % 

0.8 

3.2 

2 8 

2.8 

3.2 

4.1 

4.2 

Gases, % 

3.3 

10.3 

10 5 

10.8 

12.5 

8.7 

13.7 

Losses, % 

1.0 

5.4 

4.9 

2.2 

7.1 

4.4 

■ ; 

Conversion of coal, AMF basis 







| ■; 

Solids. % 


43.4 

21.2 

13.4 

17.5 

13.0 

HBI311 

Oils. % 


13.8 

32.1 

49.5 

22.8 

52.6 

1 

Water. % 


M 

8.6 

4 2 

11.9 

2.8 

■ 

Charcoal absorber, % 



5.9 

5.8 

6.7 

7.5 

Hi S .ii 

Gases, % 


22.6 

22.0 

22.5 

26.2 

16.0 

hmh 

Losses, % 


11.8 

10.2 

4 6 

14.9 

8.1 


Distillation of total liquids 



' 





Over at 175* C„ % 

2.0 

4.5 

9.6 

8.4 

11.2 

,$3 

10.2 

Over at 225° C., % 

27.3 

29.2 

32.2 

32.9 

33.5 

55.5 

59.8 

Over at 300° C., % 

50.5 

49.8 

49 3 

49.0 

53.0 

67.0 

71.3 

Pitch, % 

48.4 

49.1 

45.0 

48.4 

37.8 

30.6 

22.3 

Water, % 

0 0 

1.1 



8.3 

■SI 

6.4 

Loss, % 

1.1 


la 

m 

1.0 

Kb 

0.0 


Note: —Two treatments of four hours each. Catalyst, 5% MoOt. 


tar. It'may be concluded that coke formation was really negligible. The 
distillation curve of the oil recovered was similar ‘to that of the original tar. 
The oil was, however, much less viscous than the tar and of more pleasant 
odor. On distillation, about 14% of the oil came over between 200 and 205° C. 
at a pressure of 700 mm. of mercury. This fraction would be largely tetralin. 
No naphthalene crystallized from the -fractions 210-215° C. and 215-220° C. 
This oil, containing probably, paraffins, cycloparaffins and hydr#derivatives 
of polynuclear hydrocarbons, was used directly as medium in Experiments 
187 and 189 on coal. 
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The pressure-time curves, for both treatments, with temperatures taken 
every half hour, are shown in Fig. 1. Even after four hours the pressure was 



Fig. |1. Experiment \186. Ptessurc-time relations 
with temperatures for bdth cycles in the hydrogenation 
of pyrolysis torJ 


still falling slowly during the 
second treatment, indicating 
that hydrogenation was still in¬ 
complete. As is generally true, 
the maximum pressure was less 
and the rate of pressure drop 
was greater in the first treat¬ 
ment than in the second. 

In Experiment 183, pyrolysis 
tar was used as medium with 
bituminous coal, and a fair con¬ 
version obtained. The conver¬ 
sion of coal to liquids and gases, 
plus the losses, 56 6%, while 
much less than that found with 
hydrogenated tar or tetralin, is 
comparable with the conversion 
of 54 2% obtained with a liquid 
petrolatum medium (5). It is 
believed that the low conversion 
is due to the inability of bitu¬ 
minous coal to compete with 



pyrolysis tar for a limited supply 
6f hydrogen. The use of hydro¬ 
genated tar as medium, as tabled 
under Experiment 189, gave 
Results directly comparable 
to those obtained with tetralin 
in Experiment 155. It should 
be pointed out, however, that 
the ratio of hydrogenated tar 
to coal was 1 0, while that of 
tetralin to coal was only 0 75. 
In addition, a better and lighter 
oil was obtained in Experiment 
155. The higher gas yield, 
higher hydrogen absorption and 
lower hydrogen content of the 
off-gas in the presence of tar 
or hydrogenated tar may be 
attributed to deficiencies of the 
media as compared with tetralin. 
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The pressure-time-temperature data for the first treatments in Experiments 
183 and 189 are shown in Fig. 2. The unsaturated nature of the pyrolysis tar 
is reflected in the lower temperature at which reaction begins and the greater 
rate of pressure drop in Experiment 183. Except for a more rapid pressure 
drop, the curve for Experiment 189 is similar to the corresponding curve for 
Experiment 155. The initial reaction temperature and reaction rate are 
related to the degree of unsaturation of the suspension medium. 

The behavior of domestic coal, No. J-309, in Experiments 187 and 188 
indicates again that pyrolysis tar, particularly when hydrogenated, is a 
satisfactory suspension medium. In general, the relations among the three 
media in Experiments 161, 187 and 188 are much the same as for Experiments 
155, 183 and 189, when account is taken of the difference between die coals. 
Domestic coal is more easily hydrogenated than bituminous coals, although 
the oil yield may be smaller because of the large amount of water and gas 
formed. The high conversion of coal to liquids and gases obtained with pyro¬ 
lysis tar,plus losses, of 78.8%, may be compared with 68.1% obtained with 
liquid petrolatum (5). This high figure would suggest that domestic coal can 
compete with pyrolysis tar for hydrogen rather more successfully than can 
bituminous coal. Hydrogenated tar is definitely better as a medium although 
not as effective as tetralin. However, it is believed that pyrolysis tar can be 
hydrogenated so as to produce a product substantially as effective as tetralin. 

Fig. 3 presents the pressure-time-temperature data of the first treatments 
of Experiments 187 and 188. The low temperature at which reaction began 
and the low maximum pressure in Experiment 188 show the unsaturated 
nature of the medium. The rela¬ 
tively short time required for the 
pressure to become constant may 
be attributed to the reactivity of 
domestic coal. 

In conclusion, it may be said 
that pyrolysis tar can be hydro¬ 
genated readily, and the resulting 
oil shows promise as an effective 
suspension medium in the reduc¬ 
tion of coal to oils. The good 
results obtained with a medium of 
hydrogenated tar are due to the 
presence of tetralin and other 
hydro-derivatives of polynuclear 
hydrocarbons. The results are 
of some practical value in con¬ 
nection with the utilization of 
waste natural gas. 
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HYDROGENATIONS IN A TETRALIN MEDIUM 

III. DESTRUCTIVE HYDROGENATION OP CELLULOSE AND WOOD* 

By E. H. Boomer 8 , G. H. Argue 3 and J. Edwards 4 

Abstract 

The destructive hydrogenation of cotton wool cellulose and fir wood sawdust 
in a tetralin medium was investigated. When it is present in sufficient excess, 
tetralin promotes the complete conversion of cellulose and wood to liquids and 

? ;ases in the absence of a catalyst. The tetralin acts as a hydrogen carrier in 
ulfilling the function of a catalyst. 

Introduction 

Continuing this series on the value of tetralin as a suspension medium in 
destructive hydrogenations (2), the present paper presents the results of some 
experiments with cotton wool cellulose and fir wood sawdust. 

The hydrogenation of cellulose and wood has attracted the attention of 
many investigators. Palmer (11, 12), in a study of the distillation of birch 
wood in which phosphoric acid was used as catalyst, observed increased yields 
of methanol at moderate pressures (60 to 150 lb. per sq. in.). Hawley (9) 
failed to confirm the finding with regard to the value of phosphoric acid, but 
found improved yields with lime, calcium and sodium carbonate. Bergius (1) 
subjected cellulose to thermal decomposition in a closed vessel under the 
•pressure of the autogenous gases. The coal-like substance obtained was 
hydrogenated and a small quantity of oil resembling petroleum was formed. 
Bowen, Shatwell and Nash (5) found that at 420-440° C. there was no appre¬ 
ciable production of liquid from cotton cellulose in the presence of hydrogen 
at 40 atm. Nickel catalyzed the production of oils, however, but iron and 
vanadium did not. Bowen and Nash (4) found a nickel and alumina catalyst 
particularly effective, and that more than 80% of the cellulose was converted 
to liquids and gases. Methane was present in the gases. Fierz-David and 
Hannig (6), in their investigations on cellulose and wood, found that distilla¬ 
tion was not affected by the presence of hydrogen at a pressure of 300 atm. 
unless a catalyst, nickel, were present. Copper was less effective, and iron, 
of little effect. In the presence of nickel, the conversion to gases and liquids 
was almost quantitative, the liquids containing alcohols, aldehydes, ketones, 
acids, furans and phenols in addition to water. In general, it has been found 
that carbon dioxide is the chief gaseous product at low decomposition tem¬ 
peratures, carbon monoxide, hydrogen and methane appearing at higher tem- 

1 Original manuscript received July 8,1935 . 
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peratures. Waterman and Perquin (13) have confirmed the observations 
that cellulose is not hydrogenated to oils in the absence of a catalyst, although 
a 38% yield of a viscous yellow oil was obtained by vacuum distillation of 
cellulose. The use of a suspension medium of Borneo petroleum resulted in 
less coke and more hydrocarbons being formed. Frolich et al. (7) reported 
on the treatment of sulphite pulp cellulose and wood under pressure of hydro¬ 
gen, nitrogen and autogenous gases. More than 90% of the wood was con¬ 
verted to liquids and gases in the presence of nickel. Cellulose was almost 
completely converted by hydrogenation in the presence of nickel, but the use 
of nitrogen with nickel resulted in the production of 14% of coke. Lindblad, 
using a variety of catalysts ir» an extensive investigation on the hydrogenation 
of wood (10), found that nickel and cobalt were effective in promoting con¬ 
version of wood to tar at 250° C. Methane was formed at higher temperatures. 
Hydrogenation of sawdust impregnated with cobalt sulphide at 350° C. 
resulted in a 40% yield of oils, and a large hydrogen absorption (approximately 
5%). The use of sulphite liquor as suspension medium and ferrous sulphide 
as catalyst yielded excellent results, e.g., conversions of 58% to oils and 12.4% 
to water, a residue of 13%, and a hydrogen absorption of 5.5% by weight of 
the wood. 

The present paper describes experiments in which tetralin was used as 
suspension medium without any catalyst other than the walls of the reactor, 
and which showed high conversions of cellulose and wood to liquids and 
gases. The work is of a preliminary nature and demonstrates chiefly the 
effectiveness of tetralin as a medium. 

Materials and Apparatus 

The cellulose used was a commercial grade of absorbent cotton. British 
Columbia fir wood sawdust containing 0.31% ash and 5.2% moisture was 
dried at 110° C. and used without further treatment. Tetralin of a practical 
grade, b.p. 204-206° C., and commercial electrolytic hydrogen were employed. 

Two types of apparatus have been used. The results in Table I were 
obtained on small amounts of materials in a small vertical autoclave of 180 cc. 
capacity and fitted with a glass thimble as liner. The materials were intro¬ 
duced into the autoclave in the glass thimble, closure was effected, the appa¬ 
ratus flushed with hydrogen and the hydrogen pressure raised to 1000 lb. 
per sq. in. The autoclave and attached recording pressure gauge were isolated 
from the rest of the apparatus by means of valves, and the temperature was 
raised to the desired operating value as rapidly as possible. The temperature 
was kept constant by means of an automatic controller governed by a thermo¬ 
couple. After a chosen reaction time, the autoclave was cooled to room 
temperature, the gases were drawn off and analyzed, and the autoclave was 
opened for removal of liquid and solid products. 

The experiments listed in Table II were carried out with larger samples of 
wood in an 1800 cc. oscillating autoclave already described (3). 
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Results and Discussion 

The results shown in Table I were obtained with the use of relatively large 
amounts of tetralin as compared to those of cellulose and wood. Certain 
characteristics were common to all these experiments. The pressure rose 
with the temperature to a maximum value, as tabled, and remained constant 
thereafter while the temperature was constant. The water recovered was in 
all cases strongly acid, and the odor of the light oil was similar to that of 
aldehydes. The initial boiling point of the liquid was always lower than 
50° C. The solid residues adhered very firmly to the glass container and 
could not be weighed with any degree of accuracy. In Table I, “Trace”, 


TABLE I 

Hydrogenation of cellulose and wood in tetralin at 350° C. 



Cellulose 

Wood 

Experiment no. 

5 

7 

8 

9 

10 

11 

Material, gm. 

8 

8 

12 

18.6 

15.2 

15.2 

Tetralin, gm. 

48 6 

58.3 

0 

58.3 

58.3 

0 

Gas, 10CK) lb. per sq. in. 

h 5 

ch 4 

H, 

H, 

ch 4 

H, 

Maximum pressure, hot, lb. per 







sq. in. 

2800 

4150 

3600 

3850 

4050 

2275 

Solid residue, gm. 

Trace 

Small 

Large 

Trace 

2.5 

7.8 

Liquid recovered, cc. 

50 

60 

1.0 

69 

65 

0.3 

Distillation of liquid 







Water, cc. 

1.5 

2 0 

Trace 

4.1 

2.7 

Trace 

Oil to 200° C., cc. 

2 5 

1.5 

Trace 

2.5 

1.5 

Trace 

Pitch, cc. 

5 0 

3.2 

Trace 

12.4 

5.0 

Trace 

Naphthalene, cc. 

— 

2.0 

— 

— 

2.0 

— 

Gas analysis, not including added 







gas 

co.,% 

47.6 

32.0 

59.4 

51.4 

48.1 

48.4 

CO. % 

18.7 

22.2 

13.0 

12.2 

32.3 

11.5 

Olefines, % 

1.5 

2.6 

0.0 

1.1 

5.3 

1.6 

CH 4| % 

24.2 

— 

14.5 

28.6 

— 

38.5 

CiH«, % 

7.8 

— 

13.0 

6.6 

— 

0.0 

H„ % 

— 

43.0 

— 

— 

14.3 

— 

Hydrogen in off-gas, % 

87.6 

6.6 

85.8 

53.0 

1.9 

74.9 

Hydrocarbons in off-gas, % 


78.9 



84i8 



as applied to the solid residue, means that it consisted of a black film of a 
tarry nature on the glass surface. By “Small” is meant this same black 
film with a few grains of imbedded coke. “Large” indicates that the solid 
residufe appeared to be unchanged starting material, except that the color 
was black. 

Preliminary experiments were carried out with cellulose at ^00, 250 and 
300° C. At 200° C. reaction was very slight and no liquid products were 
formed. The cellulose was apparently changed only in color. Carbon 
dioxide, carbon monoxide and methane appeared in small amounts in the 
off-gas. At 250° C. reaction was more evident, but the solid residue was still 
large, of the same form as the original cellulose, and was black and slightly 
charred. Distillation of the liquid through a micro-column yielded traces 
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of acidic water, light oil and 3 gm. of a high boilingtar. At 300° C. dissolution 
of the cellulose was almost complete, leaving only a small residue. On dis¬ 
tillation of the liquid, 0.5 gm. of light oil, 0.2 gm. of water and 2.5 gm. of 
tar were recovered from a 40 cc. sample of the liquid in the autoclave. 

Experiments 5, 7 and 8 were comparative experiments carried out to demon¬ 
strate that tetralin was largely responsible for dissolution of the cellulose. 
In Experiment 5, with hydrogen and tetralin, the cellulose disappeared com¬ 
pletely, leaving only a black tar film on the glass. In Experiment 7 the 
hydrogen was replaced by natural gas, largely methane. While the cellulose 
was not completely dissolved, the residue was very small and not recoverable. 
The identification of naphthalene in the liquid recovered showed that some 
dehydrogenation of tetralin had taken place. In Experiment 8 it was 
demonstrated that tetralin is essential to the reduction of cellulose. In this 
experiment the cellulose was charred but retained its original physical form. 
The liquid residue appeared to be largely water. 

The gas analyses are interesting in showing that methane and ethane 
together form the major portion of the gas. The analyses are based on the 
off-gas less the original gas (hydrogen in the case of Experiments 5 and 8 and 
natural gas in Experiment 7). Experiment 7 shows that hydrogen is a product 
of the reaction, although it is unknown to what extent tetralin is the source. 
Hall (8) states that tetralin becomes unstable at temperatures higher than 
400° C., but he did not find naphthalene to be completely converted to 
tetralin at 350° C. 

Experiments 9, 10 and 11 on wood constituted a series corresponding to 
that on cellulose, and demonstrate conclusively that tetralin is required for 
the dissolution of wood. Except for the change in color to black, the sample 
of wood used in Experiment 11 was apparently unaltered. A trace of liquid 
was formed and carbon dioxide, carbon monoxide and methane were produced, 
showing that some reaction occurred. As with cellulose, tetralin alone was 
able to reduce wood to liquids and gases rather effectively, naphthalene being 
produced in the process. 

It is evident that tetralin is an efficient medium in which to carry out the 
hydrogenation of cellulose and wood. In view of the fact that a catalyst is 
necessary, as demonstrated in previous investigations already discussed, and 
the results found in the present work in which no catalyst was used, it appears 
that tetralin also fulfils the function of a catalyst. 

In Table II are shown the results of three experiments with dry fir saw¬ 
dust on a larger scale than those reported in Table I. Apart from the larger 
scale, the essential difference between these experiments and those listed in 
Table I lies in the tetralin-wood ratio. Here the ratio is 1 or 1.2 to 1, com¬ 
pared to about 3 or 4 to 1 in Experiments 9 and 10. 

The material removed from the autoclave contained much volatile material, 
and losses”occurred before the weight could be determined. After it was 
weighed, the material was filtered, and the solid residue washed with ether, 
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dried and weighed. It was considered that this solid material, coke-like in 
appearance, was formed solely from the wood. The losses were due largely 
to evaporation of the volatile products of the reactions and only in small part 
to losses of solvent. For this reason the conversion figures in Table II show 

TABLE II 

Hydrogenation of wood in tetraun 


Experiment no. 

16 

17 

18 

Tetralin, gm. 

180 

198 

148 

Wood, gm. 

152 

163 

149 

Temperature, °C. 

325 

350 

325-375 

Pressures, lb. per sq. in. 




Initial, cold 

1200 

1220 

1140 

Maximum, hot 

3435 

3740 

3475 

Final, cold 

1175 

1205 

1140 

Hydrogen absorbed, % weight of wood 

2.5 

3.3 

3.7 

Gas produced, less H*, litres 

5.3 

6.8 

10.9 

Yields, basis charge, 




Solids, % 

34.3 

20.2 

23.9 

Liquids, % 

56.9 

68.7 

65.0 

Gases, % 

1.1 

1.2 

1.3 

Loss, % 

7.7 

9.9 

9.8 

Conversion of wood, 




Solids, % 

75.0 

44.8 

47.7 

Oil, gas, and loss, % 

16.5 

46.0 

42.2 

Water, % 

8.5 

9.2 

10.1 

Distillation of liquid 




Water, % 

6 9 

8.7 

7.8 

Oil to 175° C., % 

1.7 

2.3 

1.7 

Oil to 225° C., less 200-206° C. 




fraction, % 

5.8 

12.7 

13.1 

Oil, 200-206° C., % 

80 4 

68.4 

64.3 

Pitch, above 225° C. 

6.9 

10.2 

14.8 

Gas analysis 




co 2 , % 

7 0 

8.0 

4.3 

Olefines, % 

0 0 

0.4 

0.0 

H„ % 

89.2 

81.3 

90.6 

CO, % 

0.9 

1.3 

0.6 

ch 4 , % 

2 9 

7.3 

3.3 


all the losses combined with the figures for oil and gas. The oil was distilled 
until the temperature was 50° C. and the distillate, largely ether, was dis¬ 
carded. No doubt some volatile products of the reaction were contained in 
this ether fraction. The remaining oil was fractionated in a 14-in. packed 
coiuma, and the results are tabled. Assuming the fraction 200-206° C. to be 
mostly tetralin, the recovery of tetralin is qui.te high, more than 80% in 
Experiments 16 and 18 and more than 90% in Experiment 17. 

Experiments 16 and 17 were single treatments of one ancf two hours’ 
duration respectively, while Experiment 18 was a double treatment experi¬ 
ment at 325° C. in the first and 375° C. in the second treatment. The data* 
on conversions are based on the solid residue and water recovered. The yield 
of oil and gas is a much less certain quantity, including, as Stated above, 
all the losses consequent to handling the material. 
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The conversion at 325° C. is small but probably due to hydrogenation 
more than to thermal decomposition. The absorption of hydrogen is large 
enough to suggest that reduction of the wood occurred, although some of the 
hydrogen may have combined with tetralin. 

Experiment 17 is directly comparable with Experiment 9, Table I, in that 
both were carried out at 350° C. The difference in conversion may be attri¬ 
buted to the difference in relative amounts of tetralin. It is suggested that 
the large excess of tetralin in Experiment 9 permits very rapid hydrogenation 
of the primary products of thermal decomposition of wood. In the absence 
of a large excess of tetralin, thermal decomposition may proceed to coke 
formation because of a slower rate of hydrogenation. 

In Experiment 18 the wood was treated first at 325° C., and second, with 
a fresh supply of hydrogen at 375° C. in an endeavor to increase the con¬ 
version. It was apparent that the results were slightly less satisfactory than 
those obtained at 350° C. with one treatment. There were no great differences 
in the results of Experiments 17 and 18, although a more extensive reaction 
is suggested by the higher hydrogen absorption and water production in the 
latter. 

The results of these experiments indicate that wood can be successfully 
hydrogenated in the presence of tetralin without a catalyst. The tem¬ 
perature should be greater than 325° C. and preferably about 350° C. It is 
essential for complete reduction to oils and gas that the tetralin be present in 
relatively large excess, not more than 3 parts of tetralin to 1 of wood, but 
certainly more than 1.2 to 1. 
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HYDROGENATIONS IN A TETRALIN MEDIUM 
IV. DESTRUCTIVE HYDROGENATION OF GRAIN SCREENINGS 1 
By E. H. Boomer* and J. Edwards* 

Abstract 

The destructive hydrogenation of grain screenings in a tetralin medium has 
been investigated. With an excess of tetralin, at least 3 to 1 by weight, more 
than 50% of the screenings can be reduced to oils and about 15% to solid 
residue. Catalysts are effective by virtue of the fact that they greatly increase 
the rate of reaction, and also increase the production of hydrocarbon gases at 
the expense of carbon dioxide 


Introduction 

In a previous paper of this series (1), it was shown that tetralin is a most 
efficient suspension medium in the hydrogenation of cellulose and wood. In 
view of the general similarity of the properties of grain screenings, cellulose 
and wood, it was suggested by Dr. W. H. Cook* that an investigation of the 
process as applied to screenings would be of interest. 

Grain screenings consist of a mixture of weed seeds, grain, seed coats and 
chaff, and accumulate in large amounts at the elevators in Fort William and 
Port Arthur each year, and their disposal presents a serious problem. The 
screenings consist largely of cellulose and lignin, but contain in addition 
considerable amounts of vegetable oil by virtue of their seed content. A 
market exists for part of the material as stock feed, and various suggestions 
have been made regarding the use of the surplus as fuel or as a source of 
vegetable oils. The present paper does not pretend to suggest an outlet for 
grain screenings; it is an account of a preliminary investigation that may be 
of some possible future interest. 

Materials and Apparatus 

Grain screenings were supplied as collected and in four different fractions. 
A description of these appears in Table I together with that of a sixth material, 
which consisted of equal parts of the solid residues from the hydrogenation 
of Samples 4 and 5. 

Sample 1, whole grain screenings, was made up of equal parts of Samples 
i to« 5. Any one sample was not particularly free from the constituents of the 
other samples, but was predominantly as described. 

Tetralin of a practical grade, b.p. 204-206° C., was used throughout, and 
the hydrogen was the usual electrolytic grade. 

1 Original manuscript received July 8, 1935 . * 
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TABLE I 
Materials 


Sample 

no. 


Dry matter 
as % of 
wet weight 


Description 


1 

2 

3 

4 

5 

6 


91.4 

90.8 

91.4 
91.3 

91.5 
100.0 


Whole grain screenings 

Black seeds, lamb’s-quarter and small seeds, etc. 

Refuse screenings, very fine material, seed coats and chaff 

Refuse screenings, coarser than No. 3 

Ragweed screenings, grain, large material 

Solid residues from hydrogenation of Nos. 4 and 5 in equal 


parts. 


Two types of apparatus and procedure were used, the first permitting batch 
operation, and the second, semi-continuous operation. They will be described 
in connection with the results. 

Results and Discussion 

< 

The data obtained in this work are given in Tables II and III. Table II 
presents results obtained in preliminary work, in which a batch method was 
used with the different samples of screenings. Table III presents results 
obtained with dry whole screenings, Sample 1, with a semi-continuous method 
of operation and larger relative amounts of tetralin. 

Batch Hydrogenations 

The apparatus and procedure have been described in all their essentials 
previously (2). Briefly, the screenings and tetralin were weighed, introduced 
into an 1800 cc., oscillating autoclave, hydrogen was admitted and the tem¬ 
perature raised to that desired. After two hours at constant temperature, 
the autoclave was cooled, the gas drawn off, metered and analyzed, and the 
autoclave opened. The material in the autoclave was removed as completely 
and expeditiously as possible, weighed and filtered. The residue on the filter 
was washed with ether until free from oil, dried and weighed. The ether-oil 
solution was heated on a water bath, and the ether taken off together with 
some of the volatile constituents of the oil. 

The data given in Table II are all on a weight percentage basis. In cal¬ 
culating the conversions of screenings to solid, liquid and gas, all the losses 
were assigned to the screenings. The original weight of tetralin was sub¬ 
tracted from the weight of liquids recovered. The high and variable losses 
were due to difficulties in handling the material and inability to prevent 
losses by evaporation during the process of emptying the autoclave. There 
is no doubt that part of the loss should be assignee! to the tetralin. The yields 
of gas and solid residue are the most trustworthy data, and the sum of the oil 
yield and loss will give a better measure of the conversion of screenings to oil 
than the figures tabled. The gas production* given in litres at a pressure of 
760 mm. of mercury and 0° C., does not represent the true value, inasmuch 
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as the hydrogen has not been included. It is highly probable that hydrogen is 
produced in the reaction to some extent. The recovered oil was fractionated 
in a 14 in. packed column, and the results are tabulated as percentages of the 
total liquid recovered, including water. These figures do not include the 
more volatile products lost during the ether treatment. The initial boiling 
point of the crude oil always lay between 50° and 60° C., while the recovered 

TABLE II 

Batch hydrogenation of grain screenings in tetralin without a catalyst 


Sample no. 


2 

3 

4 

5 

6 

Screenings, gm. 


345 

267 

295 

311 

245 

Tetralin, gm. 


210 

200 

211 

244 

196 

Temperature, °C. 


250-350 

325 

300 

325 

350 

Pressures, lb. per sq. in. 

Initial, cold 

1110 

UM2) 

1170-1100 

935 

990 

1115 

1095 

Maximum, hot 

4920 

2960-4350 

3420 

2560 

4040 

2390 

Final, cold 

1235 

1170-1100 

1035 

755 

1205 

785 

Conversion of screenings 







Solids, % 

39.5 

51.6 

55.8 

62.0 

69.5 

73.5 

Liquids, % 

31.6 

21.4 

19.9 

21.4 

8.4 

16.3 

Gases, % 

7.0 

4.2 

4.7 

4.6 

5.0 

0.7 

Losses, % 

21.9 

22.8 

19.6 

12.0 

17.1 

9.5 

Gas yield, less hydrogen, litres 

35.8 

17.9-10.0 

18.6 

21.9 

21.9 

3.4 

Gas analysis:— 







CO*, % 

26.2 

19.1-11.7 

21.7 

27.6 

20.2 

4.6 

CO, % 

1.0 

0.5- 0.6 

1.2 

1.0 

0.5 

0,5 

H„% 

60.5 

76.1-82.6 

72.0 

64.3 

73.9 

91.2 

ch 4 , % 

10.5 

2.1- 4.7 

5.3 

4.8 

5.2 

3.6 

C.H|, % 

Distillation of liquid recovered: 

1.3 

0.0- 0.0 

0.0 

0.9 

0.0 

0.0 







Water, % 

9.6 

13.7 

9.0 

3.9 

9.9 

0.9 

Oil, less 200-206° C. fraction: 







Over at 175° C., % 

1.9 

2.1 

0.9 

0.4 

4.0 

1.7 

Over at 225° C., % 

5.3 

6.6 

6.3 

5.7 

10.3 

4.7 

Over at 300° C., % 

8.9 

13.3 

12.4 

10.5 

13.9 

11.1 

200-206° fraction, % 

62.7 

53.1 

63.3 

71.6 

55.1 

76.0 

Pitch, % 

18.1 

19.9 

14.9 

12.7 

21.1 

12.0 

Loss, % 

0.7 

0.0 

0.4 

1.3 

0.0 

0.0 


Note:—(1) First treatment. (2) Second treatment. 


oil, as entered in the table, showed initial boiling points between 76° and 
80° C. The data on the 200-206° C. fraction have been tabulated separately 
to indicate roughly the tetralin content of the oil. Assuming this fraction to 
consist substantially of tetralin, more than 90% of the initial quantity was 
recovered in experiments on Samples 1, 4 and 6 V 

Limited amounts of each sample, except No. 1, were available and one 
experiment only was carried out with each. The use of different conditions 
for each sample was justified on the assumption that the various fractions 
would behave nearly alike. Only, one constituent, black seeds, showed a 
definite difference from the others in its resistance to destructjpn. While all 
other constituents were destroyed or formed amorphous coke at 300 to 
325° C., black seeds retained their outward physical form at 350° C. 
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The gas yields were low in all cases and the principal constituent of the gas 
was carbon dioxide. There were lesser amounts of paraffin hydrocarbons. In 
the experiment with Sample 2, in which two treatments were used, the gas 
analyses show that the bulk of the carbon dioxide appeared in the first treat¬ 
ment at 250° C. Examination of the pressure-time and pressure-temperature 
records of all these experiments showed a rapid exothermic reaction near 
250° C., during which the pressure rapidly increased 400 to 500 lb. per sq. in. 
This effect was missing in the second treatment of Sample 2 at 350° C. and 
in the experiment on Sample 6, in which previously hydrogenated residues 
were used. The conclusion is that this reaction is accompanied by the release 
of carbon dioxide. 

The amount of water formed was large in all experiments except those in 
which Samples 4 and 6 were used. In the first case, the low temperature of 
300° C. may account for the result, and in the second, the water was probably 
eliminated in the previous treatments. The low yield of water at 300° C. 
suggests that the reaction responsible occurs at a temperature considerably 
higher than that required for the production of carbon dioxide. The high 
yield obtained in the experiment with Sample 2 may be attributed to the double 
treatment employed. The water was strongly acidic in all cases, and con¬ 
tained considerable amounts of soluble low-boiling material. 

The oils were highly odorous, light yellow and acid in reaction. They 
were very unstable and darkened rapidly on standing. On distillation, 
cracking became extensive at or above 200° C. No ultimate analyses of the 
oils or other products were carried out. However, the oils contained without 
doubt considerable oxygen. Only about 20% of the oxygen, 5% of the carbon 
and 10% of the hydrogen content of the screenings were converted to gas 
and water. 

The yield of solid residues was higher than expected, and the result suggests 
the use of a larger relative amount of tetralin. The best temperature appears 
to be 350° C. or as an alternative, treatment at 300-325° C. followed by 
hydrogenation of the residue at 350° C., as with sample No. 6. The double 
treatment method used with Sample 2 is not effective when compared with a 
55.3% over-all conversion to gas and liquid obtained with Samples 4, 5 and 6 
in combination. 

Semi-continuous Hydrogenations 

The apparatus used is shown in Fig. 1. Hydrogen from storage entered 
through the check valve, A, and stop valve, 5, to a surge bottle, B. A 
pressure gage, C, indicated the pressure in the system. Connection was made 
to the autoclave, D, through the valve L. The autoclave, of 400 cc. capacity, 
was placed vertically in a split electric furnace, £, and was fitted at the top 
end with a column, F, 12 in. long and £ in. in diameter. The temperature 
of the autoclave was determined by means of a thermocouple inserted in a 
well drilled in the wall of the autoclave. Temperature control was auto¬ 
matic to within 5° C. The column, F, wgp heated by burners operating in 
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an asbestos jacket, and the temperature was read on the thermometer, R. 
Manual temperature control was obtained by adjusting the burners. A 
water-cooled pressure condenser, G, was connected to the expansion valve, 
H, in a heated oil bath, N. The expanded gases were passed through a con¬ 
denser in the ice bath J, a flow-meter P and wet test meter K, to a gas-holder. 

Weighed quantities of screenings and tetralin were placed in the autoclave, 
closure was effected, hydrogen admitted until the pressure was about 1000 lb. 
per sq. in., and the heat turned on. When the temperature was 200° C., 
hydrogen was admitted at the storage pressure shown in the table, and valves 
S and L were left open. The expansion valve was opened and adjusted to 



Fig. 1. Apparatus for hydrogenation in a stream of hydrogen . 


give the desired rate of flow. The column, F, was heated rapidly at the top 
to the desired temperature. After some definite time, heating was discontinued, 
valve L closed, and the autoclave was cooled rapidly by opening the furnace. 
The contents of the pressure condenser was removed through valve M and 
weighed together with the contents of the ice condenser, J. The contents of 
the autoclave was removed as completely as possible, weighed and filtered. 
The residue in the filter was washed with ether, dried and weighed. The 
ether washings were heated on a water bath, and the residual oil added to 
the condensates and filtered oil. A slight loss of volatile material occurred 
during removal of the ether. The oily material was fractionated as described 
previously and the aqueous layer fractionated in a micro-distilling column. 
Both ,the aqueous layer and oil were strongly acid, and their initial boiling 
points were between SO 9 and 60° C. Between 20 and 30% of the aqueous 
layer boiled below 95° C. 

Three experiments, Nos. 57 and 58 on screenings and No. 5$ on the com¬ 
bined pitches from Experiments 51 to 58, were carried out with catalysts. 
In No. 57 a highly active methanol catalyst, consisting of equimolar parts 
of zinc oxide, copper oxide and aluminium oxide, was used, {a Experiments 
58 and 59 molybdic oxide was employed. Ten grams of the powdered catalyst 
was used in each case. ' 
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Reference to Table III shows that the losses were high in many cases. 
The losses were due principally to inability to recover all the contents of the 
autoclave, and the fact that some of the volatile materials passed through the 
condenser. The conversions of screenings to solids and water given in 
Table III are, as a consequence, somewhat low, but the principal losses were 
associated with the oil. All the loss found was assigned to the screenings, 
although there is no doubt that part should have been assigned to the medium. 

TABLE III 

Semi-continuous hydrogenation of grain screenings in tetraun 


Experiment no. 

52 

53 

54 

55 

56 

57 

58 

59 

Tetralin, gm. 

60 

148 

150 

150 

150 

150 

150 

150 

Screening*, gm. 

45 

50 

50 

50 

50 

50 

50 

50 

Temp, of autoclave. °C. 

350 

350 

375 

400 

400 

400 

400 

425 

Temp, of column. °C. 

64 

65 

67 

220 

215 

215 

220 

235 

Operating pressure, lb. /sq. in. 

2600 

2450 

2300 

2150 

2850 

2650 ! 

2300 

3150 

Hydrogen flow, cc./min. 

130 

120 

130 

125 

180 

180 ! 

180 

185 

Time at temperature, min. 

40 

20 

60 

60 

120 

60 

60 

40 

Total off-gas, litres 

53.6 

15.8 

47.2 

26.4 

46.1 

23.0 

25.0 

19.0 

Yields, basis screenings plus tetralin:— 









To solids, % 

23.8 

12.1 

8.0 

6 0 

4.0 

3.5 

4.0 

my. ip 

To liquids, % 

69.8 

83.8 

83.0 

83.5 

84.5 

81.5 

83.5 

B'i'M 

To gases, % 

0.7 

0.5 

0.8 

1.1 

1.1 

0.7 

0.7 

K 

To losses, % 

5.7 

3.4 

8.3 

9.4 

10.4 

14.3 

11.5 

mSM 

Conversion of screenings:— 









To solids, % 

55.6 

48.0 

32.0 

24.0 

16.0 

14.0 

16.0 

1.7 

To water layer, % 

18.5 

23.0 

24.0 


24.0 

24.0 

24.0 

3.3 

To gas. % 

1.6 

2.0 

3.2 

■fa 

4.4 

2 8 

2.8 

0.8 

To oils, % 

11.0 

13.5 

7.6 

14.0 

14.0 

2 2 

11.2 

67.0 

To losses, % 

13.3 

13.5 


37.6 

41.6 

57 0 

46.0 

27.2 

Distillation of liquids:— 









Water layer, % 

11.4 

7.8 


6.3 

7.3 

8.3 

8.4 

1.0 

Oil, less 200-206° C. fraction:— 



mm 






Over at 175° C., % 

1.0 

1.3 

■ 

3.1 

2.8 

2.8 

1.4 

0.5 

Over at 225° C., % 

5.0 

8.5 

■n 

■Zl 

5.6 

3.4 

4.0 

3.2 

200-206° C. fraction, % 

76.3 

76.8 

78.7 

EH 

77.0 

77.3 

77.8 

74.4 

Pitch. % 

7.3 

6.9 

9.4 

m 

10.1 

11.0 

9.8 

21.4 

% of water boiling below 95° C. 

22.5 

25.6 

24.0 

28.0 

30.0 

18.0 

23 0 

— 


Notes: —Experiment 57—10 gm. of ZnO-CuO-AWi catalyst added to charge. Experiments 
58 and 59—10 gm. of MoOi added to charge. Experiment 59—pitch residues used in place of 
screenings. 


The tabled values for conversions to oil are as a result highly inaccurate, and 
it is probable that the sum of the loss and the quantity of oil gives a more 
nearly correct figure for the conversion to oils. The figures for “solids” are the 
most accurate. 

The physical form of the most resistant constituent, black seeds, was 
destroyed only at 400° C. In Experiments 52 and 53, the individual seeds, 
charred of course but of the original shape, could be picked out of the solid 
residue. In Experiments 54 and, 55 at 375° and 400° C., traces of the seeds 
were evident, but the solid residue was nearly homogeneous and amorphous. 
In the other experiments, the residues were completely amorphous, and no 
seeds or seed coal# survived destruction. 
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The variables are numerous and it is difficult to evaluate their effect from 
the results of the limited number of experiments carried out. The tempera¬ 
ture of the column and the rate of gas flow did not appear to have much 
effect, except in controlling the amount of material collected in the condensers. 
As it was desirable to remove the more volatile products rapidly, it was found 
necessary to keep the column head at a temperature of 200° C. or higher. 
At lower temperatures very little material came over in the gas stream. 

The effect of time, temperature and the ratio of tetralin to screenings is 
shown best in Experiments 52 to 56. In Experiments 52 and 53, an increase 
in ratio from 1.3 to 3 more than counteracts a decrease in time from 40 to 
20 min. Increasing the temperature slightly from 350° to 375° C. and 
increasing the time to 60 min. in Experiment 54 caused a pronounced 
decrease in the amount of solid residue. The same beneficial effect of in¬ 
creasing temperature and time is noticeable in Experiments 55 and 56. 

The presence of catalysts in Experiments 57 and 58 is of benefit in reducing 
the amount of solid residue to the same value obtained in Experiment 56, 
which lasted twice as long. Both catalysts appear to be equally effective and 
influence the rate of reaction only. 

The oils and water recovered in this series of experiments were very similar 
in properties to those obtained in batch experiments. The pitch residues 
left at 225° C. were combined and hydrogenated in Experiment 59. The 
pitches were reduced to a very stable oil, most of which had the same boiling 
range as the original pitch. The production of water in Experiment 59 
shows that the pitches contained oxygen compounds that could be reduced 
at 425° C., although they were stable at 400° C. 

Gas formation in these experiments was slightly less than that found in 
batch hydrogenation. This is not an unexpected result, in view of the removal 
of the reaction products from the autoclave as formed. It was interesting 
to note that the gas formation was less in the presence of the catalysts. A 
further effect due to the catalysts, but not indicated in the tabid,'was shown 
by the gas composition, the amount of carbon dioxide produced being less 
and that of the hydrocarbons being greater, the latter forming the principal 
constituent of the gas. 

In conclusion, it may be said that grain screenings can be reduced very 
largely to liquids and gases in the presence of an excess of tetralin. About 
15% of the screenings remain as solids, and probably 50% or more can be 
obtained as oils by operation at 400° C. with a 3 to 1 ratio of tetralin to 
screenings. Comparing the results with similar experiments on cellulose 
and wood (1), it may be stated that grain screenings are definitely more re-, 
sistant to reduction under the conditions used. It is highly probable that 
more effective reduction with the formation of little or no soli<$residue could 
be obtained after some further investigation. 



350 


CANADIAN JOURNAL OF RESEARCH. VOL. IS, SBC. B. 


Acknowledgments 

The authors desire to acknowledge gratefully the work of Mr. R. C. Rose 
of the Department of Field Crops, University of Alberta, in preparing the 
grain screenings samples, and his assistance during the course of these ex* 
periments, and the kindness of Dr. R. Newton in making arrangements for 
a supply of screenings. 

References 

1. Boomer, E. H., Argue, G. H. and Edwards, J. Can. J. Research, B, 13 : 337-342. 1935. 

2. Boomer, E. H. and Saddington, A. W. Can. J. Research, 4 : 517-539. 1931. 



351 


STUDIES OF CARBON BLACK 

I. A NEW PROCESS FOR THE PRODUCTION OF CARBON BLACK 
BY THERMAL DECOMPOSITION OF HYDROCARBON GASES 1 

By L. M. Pidgeon* 

Abstract 

A method is described whereby carbon black is produced from hydrocarbon 
gases such as methane or propane-butane by thermal decomposition of these 
gases in a heated tube. The essential feature of the process is the use of a 
porous refractory tube through which a certain amount of inert gas is allowed 
to pass. By this means the reacting gas is unable to touch the walls of the 
system, and deposition of carbon thereon is prevented. Yields as high as 60% 
of the carbon in the gas, corresponding to 65 lb. per thousand cubic feet, have 
been obtained from a 70-30 propane-butane mixture, and 19 lb. from methane. 

The carbon black produced by this process is similar to the “soft 0 blacks in 
that it has a high density, low sorptive power, it accelerates the cure in a rubber 
stock and gives similar resistance to aging and abrasion. It imparts greater 
stiffness to a rubber stock, however, and in many ways occupies a position 
between the channel and the “soft" blacks. 

Introduction 

Carbon black has become one of the most important pigments employed 
in the rubber industry, as no other substance has been found that will impart 
similar abrasion resistance to rubber. In spite of the large amounts that are 
used, the method of production has undergone very little alteration since its 
inception, and to-day is one of the most wasteful processes known to chemical 
industry. Most of this carbon black is produced by the impingement of a 
luminous gas flame on a moving iron plate or other surface, the most common 
form being a channel section. Subsequent papers in this series will deal 
with experiments on the preparation of carbon black by the channel process 
and the relation between the controllable variables and their effect on the 
properties of the black. 

The flame impingement process results in the recovery of not more than 
4% of the carbon content of the gas. Such poor yields may be tolerated only 
where large amounts of natural gas are available, and while there has been 
the opposite of shortage up to the present time it is quite clear that the 
situation cannot continue indefinitely, and even now restrictive measures 
are contemplated or in operation. Much higher recovery of carbon may be 
obtained by thermal decomposition of the gases in tubes or retorts, but, so far, 
the carbon produced is distinctly different in type and has had but limited 
applications. It seems clear, however, that any advances in the methods of 
production are most likely to be made in this direction. This paper describes 
the production of carbon black by thermal decomposition of methane and 
similar gases under conditions such that 60% of the available carbon is* 

1 Manuscript received October 28,1935, 

Contribution from the Division of Chemistry , National Research Laboratories , Ottawa , 
Canada. 

9 Chemist , National Research Laboratories , Ottawa . 
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recovered. The essential point of the process is the use of a porous reaction 
tube through which some of the heating gases pass, with the object of pre¬ 
venting deposition of carbon on the walls. 

There are no theoretical reasons why a gas such as methane could not be 
decomposed into its elements in such a manner as to recover all the carbon. 
The decomposition involves the absorption of some 19,000 calories which 
may readily be supplied by combustion of the resultant hydrogen. There are 
a number of practical difficulties, however, that prevent the realization of 
such yields. 

While free energy data indicate that methane is unstable above 575° C. (5), 
it is known that decomposition is inappreciable below 700°, and even at 1300° 
in the presence of catalytic surfaces it is incomplete after one hour. The 
problem therefore becomes one of design. It is necessary to develop an 
apparatus in which a hydrocarbon gas may be subjected to temperatures in 
excess of 1300° for a time long enough to disintegrate it into its elements, and 
in such a manner that the carbon may be recovered in a flocculent condition. 

It is also essential that the time of contact shall be as short as possible, 
since it is known from analogy with the flame process that such a condition 
is required to produce the fine particles that are responsible for the reinforce¬ 
ment of rubber (1, p. 1042). This limitation necessitates the use of higher 
temperatures than would be required if thermal decomposition were the only 
end to be achieved. 

These requirements are fulfilled by operation at temperatures so high that 
a very short contact time is sufficient to disintegrate the molecule into its 
elements. However, a very serious practical difficulty arises from the fact 
that the heat necessary to carry on this endothermic reaction must be supplied 
through the walls of the reaction chamber, which will be the hottest part of 
the system and upon which the reaction will be most active. Any attempt to 
produce carbon in a heated tube invariably results in the deposition of a layer 
of carbon on the walls which, owing to its poor heat conductivity, soon in¬ 
sulates the reaction zone from the source of heat. Furthermore this carbon is 
deposited in a hard gray, lustrous, condition, and is not useful for the purposes 
for which carbon black is used. 

It is clear that a “wall free” reaction space must be obtained similar to 
that existing in a flame, in which the heat may be supplied by radiation, since 
the reacting gas must not touch the walls. A number of methods, several of 
which have been so successful as to warrant large-scale operation, have been 
evolved to overcome this difficulty. 

In the “Gastex” (2) process parallel gas streams are employed in such a 
manner that the hydrocarbon does not touch the walls of the system. 
Combustion takes place at the air-gas interface supplying the heat to 
decompose the unburnt hydrocarbon. This is, in fact, a flame process in 
which the energy is obtained from flames rather than heated walls. 

In the “Thermatomic” process (6) the reaction system consists of a checker- 
work of refractory brick which is heated to 1300° C. by gas firing. The blast 



PIDGEON: PRODUCTION OF CARBON BLACK BY THERMAL DECOMPOSITION 353 


is then shut off and a counter current stream of hydrocarbon is introduced. 
Cracking takes place and the temperature falls until it becomes necessary 
to shut off the gas and reheat the brickwork. The deposition of carbon on the 
walls of this reaction system is of no consequence, as it is burned during the 
subsequent firing cycle. 

Other methods exist involving modifications of the lamp black process, 
in which smoky flames are produced by suitable adjustment of the gas-air 
ratio. While any of these methods is theoretically capable of giving high 
yields of carbon, in practice it is difficult to recover more than 30-40% of the 
carbon in the gas, a value that is sufficiently good when compared with that of 
the flame impingement method. The lack of efficiency of the established 
thermal process methods is in some measure due to difficulty in accurately 
controlling the reaction. In the parallel gas stream method the presence of 
turbulence may cause greater admixture of gas and air than is necessary, 
resulting in loss of carbon. In the Thermatomic process a wide range of 
temperature is used with varying efficiency, while removal of carbon from 
the system is not complete. 

Thermal Decomposition in Porous Tubes 

Since a “wall-free” reaction space is required, it seemed that this could be 
most readily obtained by the use of a porous tube through which a certain 
amount of inert gas could be passed to prevent the reacting gas from touching 
the walls.* This has been accomplished by placing a porous refractory tube 
in a gas fired furnace in which the pressure was greater than that in the tube. 
Diffusion of flue gas through the tube supplied on the insidewalls, a “blanket”, 
the thickness ol which was adjusted by controlling the pressure difference 
across the walls. 

This pressure difference could be produced either by raising the pressure 
outside the tube ( i.e in the furnace) above atmospheric, or by lowering the 
pressure in the tube below atmospheric. In experimental equipment it was 
more convenient to utilize the latter method. 

Furnace Description of Apparatus 

The arrangement of the furnace, A, is shown in profile and end views in 
Fig. 1. The lining was constructed of refractory brick insulated with asbestos. 
The blast was directed against a periclase baffle, N, which has proved very 
satisfactory under somewhat drastic treatment. The pressure within the 
furnace was indicated on manometer, C, and was very slightly above atmo¬ 
spheric. The temperature was measured by means of a platinum-platinum- 
rhodium thermocouple shielded in a “Pythagoras” tube. When temperatures 
higher than 1400° C. were encountered an optical pyrometer was employed. 
Since in all cases the measurements were made outside the tube, the tem¬ 
perature in the reaction zone was probably lower than that ii|Jicated, as is 

* Since this research was completed, thi author has noticed Canadian Patent No. 348,900— 
P. K. Frolich—in which the same principle is involved . 
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always the case with an endothermic reaction taking place in refractory tubes 
of relatively poor heat conductivity. The situation was somewhat improved 
here by the diffusion of hot gases into the tube at a rate that formed an 
appreciable fraction of the inlet gas rate. There was also the possibility of 
exothermic reactions taking place inside the reaction tube. 



Fig. 1. Apparatus . 

Porous Tubes 

Alundum tubes, B, 15 in. in length with an internal diameter of 1 in. and a 
wall thickness of \ in. were used exclusively. A coarse alundum (R.A. 90 
Norton) which would stand alterations in temperature without fracture was 
employed. The end portions of tubes which were not in the heated section 
were painted with sodium silicate to destroy their porosity. The volume of 
the section heated to the furnace temperature was 0.005 cu. ft. A preheating 
section of two inches was at a temperature of about 800° C. Gas tight inlet 
and outlet connections were made by cementing water cooled brass sleeves to 
the ends with powdered alundum and sodium silicate. 

Filter 

After leaving the tube, the gas, containing suspended carbon, passed to the 
filter chamber, D, where a measure of cooling was obtained by the use of 
water cooled baffles. The amount of cooling required careful adjustment, 
as it was necessary to cool the gas sufficiently to prevent damage to the cloth 
filter and yet not enough to cause condensation of water vapor, which is an 
objectionable feature in investigations dealing with carbon black. 

The filter, E, consisted of a linen cloth backed by a metal gauze clamped 
between metal rings |s shown. It was brushed by rotating the handle as 
shown at intervals of three to five minutes, depending on the rate of carbon 
deposition. A motor driven brush was unsuitable, as its use resulted in rapid 
clogging of the filter. The carbon black fell into the lower part of chamber 
D, and could be removed when desired by opening the bottom of the hopper. 
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Control of Pressure 

After leaving the filter chamber the gas passed through the condenser, G, 
which removed excess water vapor. An additional filter (not shown in the 
diagram) was interposed to entrain any mist of anthracene, tar, etc., that 
might escape from the condenser. The outlet rate was controlled by Valve II 
which checked the pump, K. This pump was preceded by a tube containing 
a system of baffles to smooth the gas flow. The outlet rate and volume were 
measured at atmospheric pressure with the flowmeter, L, and gas meter, M. 
The whole system could be controlled by setting Valves I and II. With I 
closed and II opened slightly, there was produced in the system B, D, G, a 
reduced pressure which caused flue gas to enter the reaction space through 
the porous walls. The difference in the readings of manometer F and C 
indicated the pressure difference across the tube. The amount of flue gas 
entering the tube (less the water vapor that was condensed in G) could be 
measured at atmospheric pressure and temperature on the outlet meters L 
and M. 

Each tube was calibrated at the working temperature in order to find the 
relation between pressure and diffusion rate. The calibration of a typical 
tube in the initial condition is shown in Table I. The results when plotted 
gave a straight line. After continued use the tubes became more porous; 
hence it was necessary to repeat the calibration before each experiment. 

TABLE I 


Porosity of alundum tube at 1315° C. (Volumes at 76 cm. of mercury and 25® C.) 


Pressure difference, in. of water 

1.2 

2.0 

2.8 

3.6 

Diffusion per sq. in,, cu. ft. per 





min. 

0.0017 # 

0.0028 

0.0043 

0.0052 


From this calibration any desired diffusion rate could be obtained by 
controlling the pressure difference across the tube. When the gas to be 
pyrolized was introduced by opening Valve I, the pressure in the.fcube B was 
raised, thereby reducing the pressure difference. The original pressure was 
restored by further opening of Valve II. By adjusting these inlet and outlet 
rates the required pressure difference could be maintained and with it the 
desired diffusion rate. 

The pressure difference across the filter was indicated by the difference in 
the readings of manometers F and H. When this pressure rose above 
prescribed limits the filter could be returned to its original condition by 
brushing. 

Owing to the changes in volume associated with the reaction, the outlet 
rate differed from the sum of the diffusion rate and inlet rate, in most cases, 
an expansion having taken place. As the run proceeded, the inlet rate and 
the initially established outlet rate were maintained at a constant value by 
manipulation of the appropriate valves. Any changes in the porosity of the 
tube were immediately detectable on the manometer, F. Deposition of 
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carbon was shown by the higher pressure required to maintain the same outlet 
rate, while a sudden fall in pressure denoted a crack in the tube or other 
leak in the system. The changes in pressure brought about by this procedure 
are so small (0.5 to 1.6 cm. of mercury) that they exert a negligible effect 
on the course of the reaction. The composition of the flue gas could be varied 
within certain limits by altering the gas-air ratio in the blast. The air 
pressure was carefully controlled with a pressure regulator, and was in the 
neighborhood of 12 lb. per sq. in. in most cases. 

Samples for gas analysis were taken on the outlet side of the condenser 
unless otherwise indicated. Gas analyses were carried out with a Burrell 
apparatus of the Orsat type. 

Experimental Results 

Production of Carbon Black from Methane-ethane 

Experiments with methane were made on a natural gas of the following 
composition: CH 4 , 85.1; C 2 H 8 , 13.5; Ns, 1.4%. 

This gas, which may be considered typical of a fairly "lean” natural gas, 
was pyrolyzed at temperatures between 1350°-1400° C. The amount of 
diffusion gas required to prevent carbon deposition on the walls at these 
temperatures could be ascertained only by trial and error; pressures from 2 to 
8 in. of water have been employed according to the inlet rate and the tube 
porosity. Results of experiments on methane appear in Table II. 


TABLE II 

Production of carbon black from methane-ethane 


Experiment 

1 

2 

3 

4 , 

5 

6 

Pressure, in. of water 

6 8 

2 4-3 1 

1 4 

0 2 

7 5 

1 4 

Inlet rate, cu. ft. per min. 

0 14 

0 08 

0 05 

0 01 

0 06 

0 06 

Diffusion, cu. ft. per min. 

0 23 

0 13 

0 07 

0 02 

0 23 

0 12 

Outlet, cu. ft. per min. 

0 40 

0 21 

0 12 

0 04 

0 28 

0 15 

Expansion, % 

21 

0 

0 

-100 

-16 

-50 

Temperature, °C. 

Yield 

1360 

1380 

1380 

1380 

1390 

1390 

lb. per 1000 cu. ft 

12 8 

18 3 

17 7 

10 7 

16 8 

18 9 

% theory 

37 

53 

51 

31 

49 

55 

Apparent time of contact, sec. 

0 13 

0 25 

0 42 

1 2 

0 18 

0 28 

Inlet/diffusion 

0 6 

0 6 

0 6 

0.6 

0 26 

0 26 


Yield 

Yields as high as 60% of theory represent a very good recovery of carbon, 
and it cannot be said that the possibilities of the method have been fully 
explored. This yield corresponds to 19 lb. per thousand cubic feet, with 
which may be compared 3-10 lb. for commercial processes (2). 

These yields are based on volume of inlet gas, assuming that the off-gas 
would provide sufficient heat to operate the furnace. In actual practice, 
yields would fall short of those stated above by the extent to which it might 
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be impossible to realize this condition. The validity of the assumption 
depends so much on furnace design and facilities for heat exchange, both 
of which factors are impossible to evaluate in an experimental plant, that it 
appeared better to neglect them altogether. 

The yield varies with time of contact, very short times showing poor yields 
owing to incomplete cracking, while very long times of contact offer greater 
possibilities for loss of yield by reaction of carbon with the active constituents 
of the flue gas. 

Time of Contact 

At 1400° C. the hydrocarbon molecules are almost completely disintegrated 
into their elements if sufficient time is allowed, yet at shorter times many 
intermediate compounds may be synthesized. Tropsch and Egloff (7) have 
shown that the products found by pyrolysis of methane at 1400° C. with 
very short times of contact are similar to those produced at lower tem¬ 
peratures and with longer contact times. It is clear that in a wide tube the 
reactions go to varying stages of completeness depending on the space velocity 
and other factors. The time of contact has therefore been considered as the 
most important variable at any given temperature, since it controls the 
amount of synthetic aromatics, tars, etc., and what is perhaps more important, 
the particle size. The longer the time during which a particle of carbon 
remains in the cracking zone in presence of unreacted gas and while being 
subjected to radiation from the heated walls, the larger this particle will 
become. 

In these results the time of contact has been calculated on the assumption 
that the gas upon entering the furnace was instantly heated to the reaction 
temperature. An approximate calculation was also made to ascertain the 
volume of water vapor present in the flue gas as it diffused into the reaction 
zone. The contact times are therefore more relative than absolute. 


Composition of Off-gas 

That the mechanism of the decomposition of even the simplest hydrocarbons 
is a complex phenomenon may be witnessed by the very latge literature 


that exists on the subject. 
In the present case addi¬ 
tional complications are in- 


TABLE III 

Composition of off-gas from pyrolysis of 
METHANE-ETHANE AT 1380° C. 


troduced by the presence 
of tlje water vapor and 
oxygen provided by the 
flue gas. The off-gas will 
be a complex mixture, 
the composition of which 
will depend on the extent 
to which a number of 
competing reactions are 
able to proceed. 


Experiment 

Flue gas 

1 

2 

Apparent time of contact, 
sec. 


0.13 

0.25 

Expansion, % 

— 

21 

0 

Inlet/diffusion 

— 

• 0.6 

0.6 

COs 

8.8 

3.8 

2.0 

CO 

— 

3.8 

8.1 

0 , 

5.1 

2.0 

2.8 

CsHa 

— 

2.1 

1.9 

Olefines 

— 

0.4 

0.2 

H> 

— 

* 4 23.6 

24.4 

ch 4 

— 

8.8 

2,6 

N, 

86.1 

55.5 

58.0 
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TABLE IV 

Effect of time of contact on constitution of off-gas 


Time of 
contact, sec. 

Expansion, 

% 

CO, 

% 

CH. 

(% inlet) 

C,H, 

(% inlet) 

(% inlet) 

0.35 

-50 

7.1 

7.4 

.7 

21.4 

0.25 

0 

8.1 

6.3 

4.6 

59.0 

0.17 

-16 

5.6 

16.0 

4.7 

77.0 

0.13 

21 

3.8 

25.0 

6.0 

67.5 

0.10 

37 

2.8 

50.0 

5.7 

50.0 


The composition of the off-gas from several experiments on methane is 
shown in Tables III and IV. It is perhaps of interest to discuss the possible 
source of some of the constituents. 

Carbon dioxide . The amount of carbon dioxide that has entered the 
reaction zone as flue gas may be calculated by comparing the nitrogen content 
of the off-gas with that of the flue gas. Approximate calculations show that 
in most cases a loss of 20% of the carbon dioxide has taken place. The 
following reactions proceed actively at 1400° C., ' 

CH 4 + CO,- y 2CO + 2H, 

c + co,- y 2 co 

in the direction indicated, and in all probability were taking place to some 
extent in the present case, resulting in conversion of carbon dioxide to carbon 
monoxide. 

Carbon monoxide . It is clear from the results that some additional reactions 
producing carbon monoxide are operative, since the percentage of this gas 
increases steadily with time of contact. The following reactions produce 
carbon monoxide at these temperatures. 

c + HjO- y cb + h, 

CH« + H,0->- CO + 3Ht 

CH 4 + O, - y CO + H, + HjO 

2C + O, - y 2CO 

The first two reactions, involving a reduction of water, would result in the 
production of more carbon monoxide than could be accounted for by the oxygen 
and carbon dioxide present in the flue gas. An approximate calculation shows 
that there is less carbon monoxide and carbon dioxide in the off-gas than there 
should be to account for the oxygen in the flue gas, so that it is unlikely that 
any reaction involving water is taking place. 

It was noticeable that when the time of contact was longer than 0.13 sec. 
a contraction took place. The only reaction available to cause this is the 
production of water from hydrogen and oxygen; hence this reaction must be 
taking place to some extent and may account for the loss of oxygen. 

It is desirable to produce an off-gas containing the minimum amount of 
nitrogen, in order to maintain a high heating value. It is clear that the 
ultimate possibilities have not been achieved as yet. Alteration in the 
dimensions of the tube* and operation in vertical position will affect the 
deposition of carbon, and therefore the diffusion rate that must be employed. 
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Acetylene. Yields of acetylene as high as 6%, based on the inlet gas, have 
been obtained. The percentage in the outlet gas is, of course, much lower 
owing to the dilution with nitrogen which is a necessary feature of this 
process. This value is close to that reported by Tropsch and Egloff (7), 
who used much shorter contact times. 

Unreacted hydrocarbon. As shown in Table IV, the percentage of unreacted 
hydrocarbon falls from 50%, with a contact time of 0.13 sec., to 7% with 0.3 
sec.; 0.1 sec. may therefore be regarded as the shortest time that may be 
reasonably employed at 1380° C. At very high rates of passage in a tube of 
the dimensions used, an appreciable portion of the gas may not remain at 
the decomposing temperature long enough to react. 

In order to examine the course of the reaction, a fine silica tube was inserted 
through the inlet stopper, and gas samples were withdrawn from different 
positions down the tube. The gas velocities were adjusted to produce a 
calculated time of contact of 0.25 sec. The results, which appear in Table V, 


TABLE V 

Composition of gas in various positions in the reaction tube 


Distance from inlet, in. 

2.4 

4.8 

7.2 

i 

11 

15 (outlet) 

0, 

2.3 

1.0 

1.2 

2.0 

2.8 

CO, 

1.5 

1.7 

1.1 

1.0 

2.0 

CO 

4.8 

2.9 

3.1 

6.5 

8.1 

C,H, 

1.0 

3.3 

2.5 

0.9 

1.9 

Olefines 

2.0 

1.3 

0.9 

0.1 

0.2 

H, 

10.6 

35.4 

54.7 

42.6 

24.4 

ch 4 

53.2 

31.0 

12.8 

4.2 

2.6 

N* 

24.6 

23.4 

23.7 

42.7 

58.0 


show that 50% of the gas had reacted at a distance of 7.2 in. ftQin the inlet; 
since this point was approximately in the centre of the heated section it 
represents a time of contact of 0.12 sec. The production of olefines is very 
noticeable in the initial stages, but of course these products are 
destroyed by subsequent heating. The actual concentration of hydrogen, 
carbon monoxide, etc., down the tube, appears to fall owing to the increase 
of the amount of nitrogen obtained from the flue gas. 

Production of Carbon Black from Propane-butane 

The pyrolysis of a 70-30 mixture of propane-butane has been carried out, 
using the same apparatus and technique. The chief difference is the necessity 
of maintaining a slightly thicker diffusion “blanket” because of the more 
copious production of carbon made possible by the use of thetyrich gas. The 
results are shown in Table VI, ^here the various columns have the same 
significance as in the previous section. 
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TABLE VI 

Production of carbon black from a 70-30 propane-butane mixture 


Experiment 

D 

8 

9 

10 

11 

12 

13 

14 

Pressure, in. of water 

6.0 

6.0 

3.0 

8.0 


8.4 

8.4 

8.4 

Inlet rate, cu. ft. per min. 

0.03 

0.06 


0.04 

0.06 

0.04 

0.09 

0.20 

Diffusion, cu. ft. per min. 

0.18 

0.18 


0.34 

0.34 

0.23 

0.30 

0.29 

Outlet, cu. ft. per min. 

0.25 

0.32 

lilrtl 

0.43 

0.46 

0.35 

0.50 

0.62 

Expansion, % 

108 

108 

■Ejl 

125 

100 

200 

■Ktl 

100 

Temperature, °C. 

Yield, 

1315 


1315 

1370 

1380 

1350 

1340 

1340 

lb. per 1000 cu. ft. 

62 


52 

69 

63 

56 

— 

— 

% theory 

59 


50 

66 

61 

54 

— 

— 

Apparent time of contact, sec. 

0.20 


0.18 

0.10 

0.10 

0.15 

— 

— 

Inlet/diffusion 

0.19 

1 0.32 1 

0.42 

0.10 

0.17 

0.17 

— 

— 


Yield 

The appearance of the carbon produced and the percentage recovery are 
very similar to those found with methane. The actual production is, of 
course, very much higher, bearing the same relation to the methane production 
as the ratio of carbon atoms in the two gases (approximately 3.1). The 
production of any given furnace is unusually high, as values up to 69 lb. per 
thousand cubic feet have been reported. The same gas when burned in a flame 
impingement process gave a maximum of 4.9 lb. per thousand cubic feet. 

Composition of Off-gas, 

Analysis of the off-gas is even more difficult of interpretation than it is 
with methane, owing to the increased number of possibilities. All the reac¬ 
tions associated with oxygen, carbon dioxide and hydrocarbons are possible 

and probably take place 
to some extent. As in the 
case of methane, there is 
no evidence of decomposi¬ 
tion of water by reaction 
either with the hydro¬ 
carbon or carbon. Con¬ 
siderably higher yields of 
acetylene have been ob¬ 
tained, as might be expect¬ 
ed,—a maximum value of 
3.6% in the off-gas was 
obtained, corresponding to 
a conversion to acetylene 
of 22% of the inlet gas. 

Preparation of Carbon Black from a Mixture of Ethylene, 
Hydrogen and Methane 

A synthetic mixture of the following composition was made up: hydrogen, 
18; methane", 47; ethylene, 35%. This mixture, which contained approxi¬ 
mately 38 lb. of carbon per 1000 cu. ft., gave a yield of 21 lb. per 1000 cu. ft., 


TABLE VII 


Composition of off-gas from propane-butane 
PYROLYSIS AT 1325° C. 


Inlet rate, cu. ft. per min. 

0.03 

0.06 

0.09 

Diffusion rate, cu. ft. per 
min. 

0.13 

0.13 

0.25 

Expansion, % 

11 

80 

111 

Apparent time of contact, 
sec. 

0.3 

0.2 

0.1 

CO* 

4.7 

2.6 

5.0 

CO 

5.6 

3.7 

4.9 

0, 

1.3 

0.5 

2.1 

C,H, 

1.1 

2.3 

3.6 

Olefines 

0.5 

0.5 

1.9 

H, 

20.0 

37.2 

19 9 

Combustible 

2.5 

5.2 

10.9 

N, 

64.6 

53.0 

51.7 

Inlet /diffusion 

0.3 

0.4 

0.3 
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corresponding to a recovery of 55%. The general conditions of ope.ation and 
the composition of the off-gas were very similar to those in the case of propane- 
butane. It appears that approximately 55-60% of the carbon content of 
any hydrocarbon gas may be recovered. The interest attached to this 
synthetic gas lies in its similarity to refinery gas and other off-gases from 
cracking processes. 

Physical Properties of Carbon Black Produced in Porous Tubes 

Examination of the physical properties of these carbon blacks has been 
made from the point of view of their utilization as reinforcing agents for 
rubber. In order to provide a basis for comparison, similar tests have been 
carried out on the standard commercial types. Cabots “Spheron” has been 
selected, as an example of a channel black, and the “soft” blacks have been 
represented by “Thermax” and ”P 33”, which is a superior grade of therma- 
tomic carbon. 

Appearance 

In appearance the new blacks are similar to the tbermatomic type. They 
do not show the intense black color characteristic of a product of the flame 
impingement process. They are also much more dense and may be readily 
handled without loss by dusting. The tinting strength is lower than that of 
the channel black, as also is the oil absorption. 


Apparent Density 

The apparent density was obtained by tapping a known weight of carbon 
in a graduated cylinder by means of a motor driven cam, until no further 
change in volume took place. Prior to this operation the samples were 
brushed through a 60 mesh screen in order to break up all lumps. The results 
are considered to have only relative value, as the apparent density values 
obtained under these conditions are undoubtedly affected by the previous 
mechanical treatment. 


It has been stated as a general rule that the value of a reinforcing agent 
varies inversely as its apparent density, hence it is desirable to keep this 
value as low as possible. 


If the apparent density is dependent to some extent on particle size, it 
should also be related to the contact time. In the case of methane a relation 


Was found, as shown in 
Table VIII. Typical values 
for channel and Therma- 
tomic black are included 
for reference, though the 
results for P 33 and Ther¬ 
max are not strictly com¬ 
parable, owing to different 
initial treatment. 


TABLE VIII 


Sample 

Times of 
contact,, ^ 
sec. 

Apparent 

density 

1 

0.42 

0.42 

2 

0.25 

0.31 

3 

0.13 

0.24 

Thermax 

— it* 

0.5 

P 33 

_ * 

0.4 

Uncompressed channel 

— 

0.1 
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Since a high apparent density is related to a large particle size, it seemed 
that this could be affected by diluting the inlet gas, a procedure that should 
tend to prevent the production of large particles. This process is com¬ 
mercially employed in the Thermatomic process (4), and results in the produc¬ 
tion of a superior grade of “soft” black. 

The effect of diluting the input gas with hydrogen is shown in Table IX, 
where it is seen that the apparent density of the black has been decreased by 
this treatment. This dilution is accompanied by a loss in yield. Drogin (2) 

TABLE IX 


Inlet rate, 
cu. ft. per min. 

Diffusion 

rate, 

cu. ft./min. 

Outlet rate, 
cu. ft. 
per min. 

% 

Hydrogen 

Yield, 
lb. per 1000 
cu. ft. 

Apparent 

density 

0.14 

0.23 

0.285 

0 

12.8 

0.24 

0.15 

0.18 

0.30 

50 


0.21 

0.18 

0.20 

0.375 

50 



0.2 

0.20 

0.375 

75 

4.4 

WmL um 

Channel black 

— 

— 

— 

1.4 

Bfl 


Note: — Temperature , 1355° C. 


{ 


suggests that in the case of thermal process blacks the lower the yield, the 
nearer do the physical properties of the product approach those of a channel 
black, a statement that is well borne out in Table IX. 

The effect of contact time on apparent density was less evident with propane- 
butane than with methane, perhaps because of the dilution effect, which may 
be more important in the latter case. 


Sorption 

The sorptive power of a rubber filler is an important physical property, 
since it is generally considered that a high sorption produces a retarded cure, 
either by removal of the accelerator or some other reactant. A number of 
sorption tests, among which may be mentioned the use of methylene blue, 


TABLE X 

Sorption of methylene blue by 

CARBON BLACKS* 


Time of contact, 
sec. 

Sorption, 

mg./gm. 


' 0.13 

4.4 

Methane 1 

0.25 

3.6 

I 

0.4 

4.4 

1 

l 12 

2.4 

Propane J 

r o.2 

8.4 

1 

. 0.1 

14.2 

Diluted methane, 0.1 

20.8 

Thermax (Thermatomic) 

4.4 

Cabots (Channel) 

33.6 


*0.25 gm* carbon shaken for 1 hr . with 50 cc. of 
.025% aqueous methylene blue solution . 


iodine and diphenyl guanidine, 
have been utilized to evaluate this 
property. Methylene blue was 
chosen in the present case because 
of the ease and rapidity with which 
the measurements may be made 
by colorimetric methods. The 
experimental technique is of the 
Amplest nature, consisting of shak¬ 
ing the carbon with a solution of 
the sorbate in a suitable solvent. 
The amount taken up by the 
black is obtained by ascertaining 
the concentration after filtration, 
or centrifuging. 
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As shown in Table X, the new blacks do not absorb appreciable amounts 
of the dye. The sorptive power of the average sample of methane black is 
similar to that shown by Thermax. Propane blacks showed higher sorptive 
power, while the black made from the mixture of hydrogen and methane 
showed sorptive power comparable with that of the channel black. This may 
be considered as a further indication of the effect of dilution on particle size. 

In general, thermal process blacks do not retard the rubber cure, in fact 
an accelerating effect is noticed. This behavior is also characteristic of the 
new blacks, as will be seen presently. 


Volatile 

The production of carbon by thermal decomposition of a hydrocarbon gas 
is accompanied by the usual decomposition and polymerization reactions 
which always take place under these conditions. While no quantitative 
determinations have been made, it was obvious that appreciable amounts of 
naphthalene, anthracene, and tars of unknown constitution were being formed 
in the tube. This was particularly noticeable at high gas velocities, when 
the time of contact was too short to permit complete cracking of the hydro¬ 
carbons to take place. 

A certain amount of these polymerized bodies is absorbed on the carbon 
black, and is classed as volatile matter. Determinations carried out in the 
usual manner by heating the carbon black for seven minutes at 950° C. 
indicate a volatile content ranging from 0.5 to 2%, depending on the time of 
contact and on the temperature of the filtering system. Under special cir¬ 
cumstances values as high as 16% were found. All the samples that have 
been used for rubber tests gave values lower than 1%. 


The chemical constitution of the volatile matter is different from that of a 
channel black, consisting as it does of aromatic material, much of which may 
be distilled off at relatively low temperatures. The volatile constituents of 
channel black must consist of material that is stable at 400° C., as this is the 
temperature of the steel channel on which the black remains for some time. 
Volatile constituents of the thermal process blacks are composed of polycyclic 
compounds of the anthracene type, many of which may be distilled off at 400 C. 

It was not proved that the volatile content exerted any effect on the ease 
of dispersion or the reinforcing properties of the blacks. High volatile con¬ 
tents have been shown (4) to be an undesirable feature of channel blacks, 
but the situation is so different here that it is doubtful whether any analogy 
exists. The “soft” blacks may be very readily dispersed in rubber in any 
case (3), while one rubber test carried out on a sample that had been freed 
of volatile matter by heating to 950° C. showed no appreciable difference in 
reinforcing power. 


Tensile Tests Reinforcement of Rubber 

Rubber tests have been carried out according to the usuaj methods. The 
following basal formula was employed: Smoked sheets, 100 parts; zinc oxide, 
3; stearic acid, 2; sulphur, 5; diphenyl guanidine, 0.75. To this was added— 
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carbon, 35. The mixes were made up in a laboratory mill, and they were 
then vulcanized in a four cavity mold in a steam press at 141.5° C. for various 
times, as shown in the tables. Tensile tests were carried out with dumb-bell 
test pieces. 

Carbon black from methane. Results of rubber tests carried out on carbon 
black produced from methane are shown in Table XI. 


TABLE XI 

Tensile properties of pure gum rubber and rubber containing carbon black 

FROM METHANE (KG. PER CM.*) 


Modulus at elongation of 

Ultimate 

Ultimate 

Hardness 

200% 

300% 

400% 

500% 

600% 

tensile 

elongation 

(Shore) 


Pure gum 


35 



13.3 

19.1 

29.1 

62.5 

1000 

36 

55 

— 

13.3 

20.3 


54.6 

100 

■ 

37 

75 

— 

17.1 

22.7 


67.4 

176 

Bri 

41 

95 

13.7 

20.1 

28.5 

45.1 

92.5 

216 

mm 

44 


Methane blacks 


Sample 1. Calculated time of contact, 0.13 sec. 


35 

17.2 

32.7 

60.0 

105 

164 

225 

700 

55 

24.4 

45.0 

83.0 

134 

208 

263 

675 

75 

32.0 

61.5 

106 

168 

255 

269 

612 

95 

34.9 

68.0 

117 

172 

259 

265 

602 

Sample 2. 

Calculated time of contact, 0.25 sec. 





35 

16.8 

30.2 

54.0 

96.6 

151 

204 

690 

55 

23.4 

42.0 

76.5 

129 

200 

243 

650 

75 

29.0 

53.0 

100 

150 

230 

254 

630 

95 

33.4 

61.0 

102 

167 

— 

250 

600 


44 

51 

53 

56 


47 

49 

52 

53 


Sample 3. Calculated time of contact, 0.42 sec . 


35 

15.0 

29.2 

52.0 

91.0 

145 

197 

665 

55 

21.2 

41.5 

75.0 

126 

187 

227 

640 

75 

25.8 

50.9 

94.0 

154 

228 

235 

615 

95 

32.8 

63.0 

112 

179 

— 

235 

580 


43 

47 

52 

54 


The results in Table XI are plotted in Figs. 2 and 3, together with values 
for "P 33”, Thermax and a standard channel black. It is apparent that the 
tensile properties of the new blacks place them between P 33 and the channel 
blacks. If the stiffness of the channel black rubber at 500% elongation is 
considered as 100, that of P 33 is 64, and that of the blacks under discussion 
ranges from 75 to 85. The ultimate tensile is essentially the same as that 
of P 33, and therefore slightly lower than that of a good channel black. 

The rate of cure is quite different from that for the channel black and very 
similar to that for the Thermatomic black, as shown in Fig. 3. It is clear from 


































366 


CANADIAN JOURNAL OF RESEARCH. VOL. IS. SEC. B. 


the results that on this score the new blacks fall into .the Thermatomic class; 
as already pointed out they have very little sorptive power, and it is evident 
that they actually exert an accelerating effect on the cure, as shown in Fig. 3, 
where it is seen that the pure gum sample is definitely undercured at 75 min., 
a time that produced the maximum tensile strength in these blacks. The 
optimum cures for pure gum and a channel black compound were from 100 
to 105 min. when this formula was used. 

A definite relation between contact time and rubber reinforcement was 
found with methane, following the same order as the apparent density 
relations. Again the propane-butane samples did not show such a definite 
relation between contact time and reinforcement, in common with the irregular¬ 
ities which had already been noted in the apparent density measurements. 

Carbon black from propane-butane. It has been shown that the theoretical 
yield and general characteristics of the carbon produced from propane- 
butane are similar to those of the carbon produced from methane. This simi¬ 
larity also extends to the reinforcing power of these blacks, as will be seen 
in Table XII, where the results of a number of rubber tests are shown which 
do not differ essentially from those found for the black produced from methane. 


TABLE XII 

Tensile properties of rubber containing carbon black from 
PROPANE-BUTANE AND “P 33” (KG./CM.*) 


Modulus at elongation of 

Ultimate 

Ultimate 

Hardness 

200% 

300% 

400% 

500% 

600% 

tensile 

elongation 

(Shore) 


Propane-butane 

Calculated time of contact, 0.1 sec. 


30 

17.2 

31.2 

63 9 

109 

166 

179 

620 

41 

50 

26.6 

59.2 

108 

173 


241 

600 

52 

70 

30.6 

64.5 

115 

188 

258 

258 

600 

52 

90 31.6 69.2 

Calculated time of contact, 0.3 sec. 

126 

197 

265 

265 

600 

53 

30 

17.9 

33.3 

60.3 

96 

151 

193 

550 

41 

50 

28.7 

55.7 

89.5 

147 

217 

245 

620 

52 

70 

33.6 

61.5 

102 

168 

246 

246 

600 

56 

90 

36.9 

68.9 

110 

179 

— 

247 

595 

56 

**P 33” 

30 

16.0 

23.0 

37.0 

72.0 

135 

226 

720 

47 

50 

24.5 

42.0 

74.0 

127 

205 

266 

680 

57 

70 

28.5 

50.0 

81.3 

144 

232 

271 

640 

55 

90 

31.2 

49.8 

83.8 

143 

232 

262 

620 

56 


Aging test. Test pieces were milled and vulcanized in such a manner as 
to produce both an overcure and an undercure. In order to obtain com¬ 
parative results a sample was prepared using Cabot’s “Spheron”. The same 
formula and curing temperature as used in the tensile tests were employed. 

Two dumb-bell test pieces from each slab were tested immediately, and 
the remainder were placed in an oven at 70° C. for eight days. Air circulation 
was maintained throughout this period by means of a fan, and a certain amount 
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of fresh air was continuously drawn into the oven. At the end of this time 
the samples were tested in the usual manner. The results are shown in 
Table XIII, where it is seen that the new blacks exhibit the property of 


TABLE XIII 
Resistance to aging 


Modulus at 

Original 

Aged 

% Original 

Modulus at 

Original 

Aged 

% Original 

F27-47 min cure 

Cabot's Spheron—100 mm. cure 

300 

57 2 


62 0 

108 

300 

82 

— 

— 

500 

163 


151 

92 

500 

209 

— 

— 

Ultimate tensile 

285 


212 

74 

Ultimate tensile 

301 

45 9 

15 

Ultimate elongation 

656 


590 

90 

Ultimate elongation 

640 

170 

27 

F27-70 mm cure 

Cabot’s Spheron—125 min cure 

300 

72 9 


90 0 

125 

300 

86 

— 

— 

500 

195 



— 

500 

215 

— 

— 

Ultimate tensile 

279 



55 

Ultimate tensile 

301 

45.0 

15 

Ultimate elongation 

610 


191 

70 

Ultimate elongation 

615 

150 

24 

P33-50 mm cure (original), 47 mm cure (aged) 





300 

42 0 


40 2 

95 





500 

127 


109 

86 





Ultimate tensile 

266 


186 

70 





Ultimate elongation 

680 


636 

93 






retarding aging which is characteristic of thermatomic blacks. The above 
treatment destroyed the channel black samples but left the new blacks 
in reasonably good condition. Resistance to aging is similar to that shown 
by “P 33” which has been stated to give better resistance than that given by 
any other ordinary filler (8). 


Abrasion Tests 

Resistance to abrasion is the most important characteristic of carbon black 
rubber, and the one that has placed this pigment in its dominant position. 
This property was examined on the Dupont abrader. Various samples of the 
same D.P.G. formula were vulcanized in the special mold provided with the 
machine. Tests were car¬ 


ried out in the usual way, 
the results being expressed 
as the loss of volume in cubic 
centimetres per horse¬ 
power hour. 

The new blacks are 
slightly superior to P 33 
but considerably inferior 
to the channel black, as 
seen in Table XIV. 


TABLE XIV 
Resistance to abrasion 



Cure 

L<oss, in cc. 

Recip¬ 

Sample 

time, 

per h.p. 

rocal 


min. 

hour 

X 1000 

F 27 

30 

346 

2,9 


50 

249 

4.0 


70 

229 

4.4 

P 33 

30 

465 

2 2 


50 

283 

3.5 


70 

247 

4.0 

“Spheron” 

85 

100 

180, 

18? 

5.6 

5.4 


120 

169 

5.9 
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Conclusion 

It has been shown that hydrocarbon gases may be decomposed to carbon 
and hydrogen in a heated tube in a continuous process, if the walls of this 
tube are porous and if a certain amount of inert gas is passed through. The 
pyrolysis reaction, therefore, takes place in a “wall-free” space. The efficacy 
of this method was shown in a striking manner by approximately one 
minute’s operation without diffusion. In this short time the tube became 
heavily coated with carbon. 

When methane is treated under these conditions at temperatures between 
1300° and 1400° C., it is decomposed into its elements in such a manner that 
60% of the carbon in the gas may be recovered. In the experiments that 
have been described, the inert blanket was composed of flue gas consisting 
of water, carbon dioxide, nitrogen and some excess oxygen. A certain amount 
of reaction takes place between this gas and the methane and carbon black, 
resulting in loss of yield. It seems that it should be possible to improve the 
method considerably, when all the details are worked out. The amount of gas 
diffusing through the walls required to prevent carbon decomposition depends 
on so many factors that it must be ascertained by f trial and error. The 
average thickness of the diffusion layer calculated from the volume ratios is 
0.2 in. It follows therefore that the blanket occupied at least one-half of 
the volume of the tube. With larger tubes, different space velocities, and 
possibly operation in the vertical position, this ratio might be considerably 
improved. Reduction in the amount of flue gas added through the walls 
would have the further desirable feature of producing an off-gas of higher 
calorific value. 

While the carbon black that is produced by this process shows properties 
very similar to those of the thermatomic black, it possesses a number of in¬ 
dividual features. The stiffness produced in a rubber stock is intermediate 
between that of the channel and that of the commercial thermal type, while 
oil absorption and blackness are somewhat higher than those of the thermal 
type. The effect of gas dilution on the properties of the resultant black has 
not been worked out in detail, but the increase of sorptive power suggests a 
smaller particle size which should be reflected by superior rubber reinforcement. 

Since the carbon black produced by flame impingement exhibits the optimum 
reinforcing action, it seems that a black of comparable properties may be 
produced only by imitating in some measure the conditions that exist in the 
flame, that is, a very high temperature (about 1800® C.) and a very short time 
of contact, followed by rapid cooling to a temperature below that of reaction. 
It is doubtful whether these conditions may ever be completely realized, 
except where a flame plays on a cool surface. 
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STUDIES IN THE SYSTEM 
CALCIUM-OXIDE-SULPHUR-DIOXIDE-WATER 

III. PRECIPITATION TEMPERATURES 1 
By P. E. Gishler 2 and O. Maass* 

Abstract 

A technique is described for measuring the precipitation temperatures of the 
system calcium-oxide-sulphur-dioxide-water, and the results over a considerable 
concentration range are tabulated. It is shown that the presence of colloidal 
matter brings about a condition of supersaturation. The hydrogen ion and 
bisulphite ion concentrations for the solutions at the precipitation temperature 
have been calculated. It is suggested that the hydrogen ion concentration plays 
an important role in precipitation, and the copious nature of the precipitation 
with rising temperature above the precipitation temperature is explained. 

A table containing bisulphite ion concentrations over a large range of calcium 
oxide t and sulphur dioxide concentrations, and over the temperature range 
50-90° C., is given. It is pointed out that the system calcium-oxide-sulphur- 
dioxide-water acts as a buffer solution so far as bisulphite ions are concerned. 

< 

Introduction 

For each concentration of calcium oxide and sulphur dioxide, there is a 
temperature at which a precipitate is formed. When precipitation occurs 
it is usually copious, and this is believed to be due to the tendency of this 
system towards supersaturation. The precipitate has been found to be 
calcium sulphite. Precipitation is somewhat similar to that which occurs 
in the system Na 2 S 04 . 10 H 2 O at 33° C. (1) and CaSCh . 2H 2 0 at 63.5° C. (4), 
only that it is more complicated by the fact that in this case the system is a 
three component one, and the sulphur dioxide, as well as the calcium oxide, 
concentration determine the precipitation temperature. Three concen¬ 
trations of calcium oxide were studied, i.e 0.6, 1.2 and 2.0%. For each 
of these calcium oxide concentrations the influence of five different sulphur 
dioxide concentrations was investigated. 

Experimental 

Glass bombs were filled with accurately known amounts of calcium oxide, 
water and sulphur dioxide. They were then sealed from the measuring 
apparatus, and shaken in a bath in which the temperature of precipitation 
was determined. The bombs were made of l in. Pyrex glass, and were about 
six inches in length. A £ in. tube sealed into the side of the bomb served for 
the introduction of pure calcium oxide and water. The top of the bomb 
contained a stem, which was sealed to the evacuation and gas measuring 
system. 

1 Manuscript received September IS , 1935. 

Contribution from the Department of Physical Chemistry , McGill University , Montreal , 
Quebec , Canada. 

* Holder of a bursary and studentship under the National Research Council of Canada . 

* Macdonald Professor of Physical Chemistry , McGill University « 
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Fig. 1 shows the apparatus used for determining precipitation temperatures. 
A bath of dibutyl phthalate containing the necessary heaters, stirrers and 
cooler served to maintain the bombs at any desired temperature. The bombs 


were clamped to a rotating wheel 
which served as an agitator. 

The apparatus for filling the bombs 
was so built that five could be filled at 
a time. After the bombs were made 
and cleaned they were sealed to a 
manifold, which was attached to the 
evacuation and gas measuring system. 
They were evacuated and then filled 
with dry air free from carbon dioxide. 
The side arm was broken open and a 
weighed amount of calcium oxide in¬ 
troduced. The desired amount of 
water was then pipetted into each 
bomb, and the side arms were sealed 
off near each bomb. The next step 
involved the removal of dissolved 
gases. The stopcocks leading from 
each bomb to the manifold were 
closed and the manifold evacuated. 
Each stopcock was rapidly turned 
several times in order to remove the 
air from the space above the water in 
the bombs. As the pressure was 
reduced, air was seen to bubble from 



tio. 1. A pparatus for determining precipita¬ 
tion temperatures. 


the water. This was removed at intervals until all dissolved gases were 


displaced. The loss of water by evaporation was slight. 


Sulphur dioxide was purified, measured and introduced by a slight modifica¬ 
tion of the method described in detail in a previous paper (3). The apparatus 
used was that employed in the earlier investigation (3). The desired amount 
of sulphur dioxide was condensed from a high pressure storage cylinder into 
a glass bulb. Three redistillations with rejection of the upper and lower 
fractions yielded pure sulphur dioxide. This was measured in bulbs of known 
volume which were attached to a two armed manometer. After the pressure 
and temperature had been determined, the gas was allowed to flow into one 
of the bombs, in which it went slowly into solution. The rate of solution could 
be followed by observing the change of pressure on the maftometer. When 
the desired amount of sulphur dioxide had been passed into the bomb, it 
was sealed off and thoroughly sfiaken in order to dissolve the calcium oxide 
present. Any sulphur dioxide remaining in the manifo|d and connecting 
tubing was condensed back into the measuring system/ It was therefore 
possible to determine accurately the amount of sulphur dioxide in the bombs. 
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Two bombs were clamped simultaneously to the vertical rotating wheel in 
the bath. During rotation the solutions splashed from end to end of the 
bombs, thus ensuring thorough mixing. Precipitation temperatures were 
determined by approximation. The bombs were heated up rapidly, and as 
precipitate was observed to form in each bomb the temperature was noted. 
Under these conditions supersaturation was unavoidable, and precipitation, 
once started, was heavy. The bath was then rapidly cooled down until the 
precipitate in both bombs had dissolved. Each bomb was then considered 
separately. Several test experiments had shown that, under conditions of 
rapid heating, supersaturation of more than 15° C. could occur. The object 
was to find the lowest temperature at which a solution of given concentration 
would precipitate. 

The bomb was heated to within IS 0 C. of the previous precipitation tem¬ 
perature and held there for an hour. If precipitation did not occur at that 
temperature, the bomb was heated up at a rate of about 2° C. per hour until 
precipitation did occur. This was not considered as the precipitation tem¬ 
perature but as a reasonable approach to it. Several similar attempts were 
made to ascertain whether precipitation could be induced at a lower temper¬ 
ature. Eventually a temperature was reached below which precipitation 
would not take place. 

At a temperature just below this one it should have been possible to bring 
the calcium sulphite into solution. There was one great difficulty involved 
and that was the time factor. It was found that at 15° C. below the apparent 
precipitation temperature, it was possible within a reasonable time (three 
to four hours) to bring the solid into solution, but at 10° C. below that tem¬ 
perature the time factor increased tremendously. 

Results 

Seventeen different concentrations were studied. These were divided into 
four series. Series A consisted of solutions of six different concentrations of 
sulphur dioxide ir which there was 1.2 gm. of calcium oxide per 100 gm. of 
water, the sulphur dioxide concentrations varying from 1.9 to 6.7%. The 
solutions in the five bombs of Series B contained 2% of calcium oxide, and 
the sulphur dioxide concentrations varied from 3.6 to 6.6%. In the six 
bombs of Series C were solutions containing 0.6% of calcium oxide and from 
1.2% to 5% of SOj. However, the contents of bombs No. 4 to No. 6 could 
not be successfully studied. A trial test with No. 4 showed that calcium 
sulphite could not be made to precipitate even at 152° C., and the apparatus 
was not constructed for high temperature work. Series D was a repetition of 
B, except that the bombs also contained 0.5% of a peptizing reagent. This 
tended to raise the precipitation temperature. 

The results are shown in Table I and in Fig. 2, in which the temperature is 
plotted against sulphur dioxide concentration. The points fall on a smooth 
curve, except- 3A which is an example of persistent supersaturation. The 
best means of illustrating this supersaturation is to include a detailed descrip¬ 
tion of an experiment as made in the laboratory. 
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TABLE I 


Precipitation temperatures 



Vol. 

HjO, cc. 

Wt. 

CaO, gm. 

Wt. 

SOj, gm 

% 

so. 

Ratio 

SO,/CaO 

Precipitation 
temp., °C* 

A 1 

50 

0.600 

0.966 

1.87 

1.41 

50.5 

2 

25 

0.300 

0.814 

3.29 

2.44 

97.0 

3 

50 

0.600 

2.282 

4.32 

3.33 

117.0 

4 

50 

0.600 

2.531 

4 76 

3 69 

117.0 

5 

25 

0.300 

1.558 

5.78 

4 50 

135.0 

6 

25 

0,300 

1.822 

6.72 

5.27 

137.0 

B 1 

25 

0.500 

0.965 

3 64 

1.69 

45.0 

2 

25 

0.500 

1.091 

4.09 

1.91 

75.7 

3 

25 

0.500 

1.411 

5 25 

2.47 

93.0 

4 

25 

0.499 

1.644 

6 07 

2 88 

103.5 

5 

25 

0.495 

1.802 

6.60 

3.18 

107.5 

C 1 

25 

0.151 

0.311 

1.22 

1.82 

100.0 

2 

25 

0 150 

0.352 

1.38 

2.06 

116.0 

3 

25 

0.150 

0.377 

1.48 

2.20 

130.0 

4 

25 

0 150 

0.750 

2.89 

4.38 

152.0* 

D 1 

25 

0.501 

1.330 

4.96 

2.32 

117.8 

2 

25 

0.498 

1.192 

4.45 

2.10 

95.5 



Precipitation results from conductivity data 



84 26 

0.99 

2.70 

3.08 

2.38 

95 


88 29 

2 06 

5.30 

5 56 

2 25 

57 


88 29 

2 06 

6 80 

7 00 

2 88 

65 


* Solution was heated to 152 ° C. but no precipitation took place . 



Fig. 2. Precipitation temperatures of ike system cakium^xtde-sulphur^xidt-water. 
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"Bombs No. 2A and No. 3A were clamped on the wheel and rapidly heated 
until a precipitate began to form in 2A at 109° C. The temperature was 
held at this point and soon a heavy precipitate was formed. It consisted of 
large white flakes of calcium sulphite. The bath was heated to 127° C. but 
a precipitate did not form in No. 3A. The bath was cooled down until the 
precipitate in No. 2A dissolved. It was again heated slowly and at 102° C. 
a precipitate was formed. It was cooled down and at 74° C. the precipitate 
had completely dissolved. The bath was heated to 95° C. and then very 
slowly to 97° C., at which temperature a slight precipitate formed. The solid 
was once more brought into solution by cooling, and then the bath was heated 
to 90° C., after which it was heated at the rate of 1° C. per hour. It was held 
at 93° C. for an hour, but precipitation did not take place. No solid was 
formed until the temperature was raised to 97° C. On heating to tem¬ 
peratures higher than this, the amount of precipitate increased rapidly with 
rise in temperature." A similar procedure with No. 3A yielded the following 
series of precipitation temperatures; 135°, 123°, 118° and 117° C. After 
precipitation, No. 3A was held at 105° C. for three hours, and it could be 
noticed that very little of the precipitate dissolved. ' 

One experiment was carried out in an apparatus described in a previous 
paper (3), the object being to determine quantitatively the change in vapor 
pressure that takes place owing to precipitation. The results are shown 
graphically in Fig. 3. A solution containing 88.294 gm. of water, 2.061 gm. 



tskpiraturs. ’0. 


Fig. 3. Vapor pressure changes due to precipitation. 

of calcium oxide and 6.845 gm. of sulphur dioxide, was heated until preci¬ 
pitation occurred at 75° C. Vapor pressure determinations were not made 
in this preliminary test, since time had not been allowed for the solution to 
reach equilibrium before the precipitation temperature was reached. The 
mixture was cooled in order to bring all solid into solution. The cell was 
then slowly heated to 60° C., at which temperature it was held until equilibrium 
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was established. A vapor pressure determination was then made. The cell 
was then heated slowly to 65° C. and the temperature was held constant until 
equilibrium was established, after which a vapor pressure determination was 
made. At 65.4° C., a precipitate began to form. The cell was held at 
66.5° C. until the vapor pressure became constant. Vapor pressure deter¬ 
minations were made at 66.5, 68 and 70° C. 

A copious precipitate was formed at 65.4° C., indicating that the solution 
was supersaturated at that temperature. It was possible to calculate the 
degree of supersaturation. In a previous paper (3), the data obtained on the 
rise in pressure due to a decrease in calcium oxide concentration was presented 
in tabular form. In Fig. 3 the temperature range covered is so small that 
straight line extrapolation is permissible. The true precipitation tem¬ 
perature was found by extrapolation to be 60.4° C. It is believed that, 
under the proper conditions of heat treatment, precipitation could be made 
to occur at any temperature above 60.4° C. If precipitation were made to 
take place at 70° C., the vapor pressure before precipitation was 113 cm. The 
vapor pressure after precipitation to an equilibrium value is 135 cm. The 
increase of pressure is due to the removal of a definite amount of calcium 
sulphite from solution. Since vapor pressures of the system calcium-oxide- 
sulphur-dioxide-water are known over a wide temperature and concentration 
range (3), it was possible to calculate the amount of calcium sulphite that it is 
necessary to remove in order to produce a pressure increase of 22 cm. It 
was found that, under the conditions described above, approximately 0.5 gm. 
calcium oxide was removed as calcium sulphite. Thus it is seen that in a 
rise of only 10° C. above the precipitation temperature, a quarter of the total 
calcium has been precipitated as calcium sulphite. In Fig. 3 the vapor 
pressure curve of the system after precipitation has been extrapolated back 
to cut the pre-precipitation curve at the true precipitation temperature. 
Had no supersaturation occurred, there would have been very little solid 
formed at 60.4° C. As the temperature is raised however the amount of 
precipitate increases, the quantity depending upon the difference between 
the vapor pressure represented by the upper, and that by the lower, curve. 

Another quantitative method of studying precipitation is apparent from a 
consideration of the conductivity data (3) of this system. If a solution con¬ 
taining calcium oxide and sufficient sulphur dioxide to completely dissolve it 
is heated, the specific conductivity increases in a regular manner with increase 
in temperature. At the precipitation temperature, however, there is a sudden 
break in the curve, and with further increase .in temperature the specific 
conductivity decreases in a regular manner. If precipitation takes place 
above the true precipitation temperature, the curve will take thtf form shown 
in Fig. 4. At any temperature above the precipitation temperature, the 
difference in conductivity represented by the first, and that by the second, 
part of the curve is a measure of the amount of supersaturation at that 
point. 
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temperature,*c. 

Fig. 4. Conductivity in the precipitation region. 

Discussion 

The precipitation temperatures for various concentrations of the system 
calcium-oxide-sulphur-dioxide-water have been determined directly in the 
manner described in this paper. Two other methods of measuring the 
precipitation temperature have been discussed, namely, by means of data on 
vapor pressure and conductivity discontinuities. The values deduced from 
the last two are, within experimental error, in complete agreement with the 
direct determinations. 

There are two striking features connected with the precipitations. One 
is the tendency towards supersaturation, and the other, the apparent volume 
of precipitation that occurs when the temperature exceeds the true preci¬ 
pitation temperature. In regard to the first, the time factor seemingly plays 
an important role. If a solution is heated rapidly, it is easily possible to 
raise the temperature above the precipitation temperature without the 
formation of a precipitate of calcium sulphite, and it seems that the rate of rise 
in temperature above the true precipitation temperature plays an important 
part in the formation of solid. Furthermore, the presence of colloidal matter 
seemingly inhibits the precipitation of solid. Consequently, the temperatures 
as listed in this paper would in all probability be greatly exceeded when the 
same system is heated in the presence of wood. 

In regard to the copious precipitation that takes place with rise in tem¬ 
perature, oftce it starts it might well be that precipitation is dependent on a 
change in hydrogen ion concentration. To determine the effect of hydrogen 
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ion concentration, the concentrations at the precipitation temperatures have 
been calculated by the method described in a previous paper (2). Table II 
shows the relation between hydrogen ion concentration and concentration of 
the solution at the precipitation temperature. 

The data in Table II are presented graphically in Fig. 5, each curve repre¬ 
senting a constant sulphur dioxide concentration and varying calcium oxide 
content. It is seen that, in order to prevent precipitation, die concentration of 

TABLE II 

Hydrogen ion concentration at which precipitation occurs 


2% CaO 1 5% CaO 1 2% CaO 1 0% CaO 



PER CENT CALCIUV OXIDE 

Fig. 5. Hydrogen ton concentration tn the precipitation region . 


hydrogen ions must be increased with increase in calcium content. The limits 
of hydrogen ion concentration are not very large over the whole range of 
calcium oxide concentrations studied; the largest variation being only 100%. 
Evidently a hydrogen ion concentration within a relatively narrow range 
will keep the calcium in solution. 
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The bisulphite ion concentrations were calculated for the solutions at their 
precipitation temperatures, and were found to vary by an insignificant amount. 
In Table III the values at the precipitation temperatures are given for 1, 
1.2,1.5 and 2% of calcium oxide. 

TABLE III 

Bisulphite ion concentration at which precipitation occurs 


% 

so. 

2% CaO 

1.5% CaO 

1.2% CaO 

1.0% CaO 

Temp., 

°C. 

[HSOrl 

Temp., 

°C. 

[HSOr] 

Temp., 

°C. 

[Hso,-] 

Temp., 

# C. 

[hso,-] 

4 

70 

■ 

mm 

0.177 

107 

0.170 

114 

0.167 

5 

92 

■DU 


.156 

118 

.159 

125 

.158 

6 

102 

■9 

119 

.150 

130 

.147 

136 

.152 


This constancy of bisulphite ion concentration is not limited to the preci¬ 
pitation temperatures. To show this, the bisulphite ion concentrations over 
the complete concentration range at temperatures of 50°, 70° and 90° C. 

were calculated and are 
TABLE IV shewn in Table IV. 


Bisulphite ion concentrations 


% CaO 

%SO s 

50° C. 

70° C. 

?0 8 C. 

0.5 

2 

0.129 

0.122 

0.117 

0.5 

3 

.159 

.144 

.138 

0.5 

4 

.171 

.153 

.142 

0.5 

5 

.162 

.153 

.141 

0.5 

6 

.142 

.146 

.138 

1.0 

2 

.140 

.138 

.135 

1.0 

3 

.169 

.176 

.170 

1.0 

4 

.184 

.184 

.178 

1.0 

5 

.181 

.182 

.176 

1.0 

6 

.162 

.175 

.172 

1.5 

3 

.163 

.176 

.165 

1.5 

4 

.197 

.187 

.177 

1.5 

5 

.210 

.204 

.184 

1.5 

6 

.216 

.209 

.188 

2.0 

4 

.202 

.218 

.178 

2.0 

5 

.247 

.218 

.178 

2.0 

6 

.283 

.248 

.196 


If the table of hydrogen 
ion concentrations publish¬ 
ed in a previous paper (2) 
is referred to, it will be 
seen that the variation in 
hydrogen ion concentration 
is about 100 times that of 
bisulphite ion concentra¬ 
tion. The system calci¬ 
um-oxide-sulphur-dioxide- 
water is a true buffer solu¬ 
tion as far as bisulphite 
ions are concerned. 

Consequently since the 
bisulphite ion concentra¬ 
tion varies only slightly 
with change in tempera¬ 
ture, the concentration of 
the hydrogen ion probably 


governs the precipitation. It is easily understood then why a relatively small 


rise in temperature causes the formation of a heavy precipitate, as it has been 


shown that the decrease in hydrogen ion concentration with rise in tem¬ 


perature is relatively large. Hence, as the temperature rises, a critical 
hydrogen ion concentration is reached at which precipitation starts, and, as 
the hydrogen ion concentration falls rapidly with further rise in temperature, 
the precipitate continues to form rapidly. 
























GISHLER AND MAASS: SYSTEM CALCWM-OXWE-SULPHUR-DIOXIDB-WA TER 319 

In conclusion it is worth pointing out that Table IV, showing bisulphite 
ion concentrations, is of considerable interest. The relative constancy of 
bisulphite ion concentration over a large range of temperature and con¬ 
centration may well be of importance in connection with the mechanism of 
the delignification of wood. This will be discussed in a later paper. 

The mechanism of precipitation can be used to explain the sudden increase 
in vapor pressure and decrease in conductivity at the precipitation tem¬ 
perature. When calcium sulphite is formed, sulphurous acid is liberated. 
This will displace the equilibrium in the direction of free sulphur dioxide, and 
this will result in an increase in pressure. On the other hand, a part of the 
sulphurous acid will ionize, and this will tend to increase the conductivity. 
Precipitation temperatures are usually high; therefore this tendency will be 
slight and will be much more than offset by the decrease in total ionic con¬ 
centration caused by the removal of calcium as calcium sulphite. 
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THE SORPTION OF LIME BY CELLULOSE AND WOOD 1 

By G. L. Larocque 2 and O. Maass* 

Abstract 

The adsorption of lime on cellulose and wood has been measured. On the 
basis of molecular proportions, the magnitude of the adsorption is shown to be 
much greater than that of sodium hydroxide. It is found that considerable time 
is required for saturation adsorption to take place. The adsorption on simitar 
wood species is shown to be the same and much greater than on cotton cellulose. 

Introduction 

The sorption of sodium hydroxide by cellulose and the accompanying 
phenomenon of swelling or mercerization are established facts of long standing. 
Subsequently all the strong hydroxides, as well as the alkaline earth hyd¬ 
roxides, were found to be strongly absorbed, with or without a simultaneous 
swelling process. 

No exact information is available in the literature on the absorption of 
calcium hydroxide on cellulose. All the hydroxides previously examined 
have monovalent ions, and it was therefore thought to be of special interest 
to determine the rate and magnitude of the sorption that takes place with 
lime solutions. 

The method consisted in making ash determinations on samples that had 
been kept immersed and shaken in solutions of known concentration for 
definite lengths of time. A previous investigation (1) of the exact concen¬ 
tration of saturated lime solutions at various temperatures was a necessary 
prerequisite to the present investigation. 

Experimental Method 

In the present investigation, unsaturated solutions of lime are automatically 
brought into contact with the cellulosic sample at a temperature such that 
the solubility curve shows that precipitation on the fibre is impossible. In 
this manner, the difficulty of fixing the solubility in the liquid phase is over¬ 
come by a proper adjustment of the temperature in a specially constructed 
cell. 

This cell is illustrated in Fig. 1, and consists of a 1% by 8 in. test tube, divided 
into an upper and a lower section by a perforated silver plate, which is sus¬ 
pended by two glass rods. The solution in the lower compartment is kept 
saturated by means of fragments of lime enclosed in a thick canvas bag. 
This bag is suspended by means of another vertical glass rod which is hinged 
at its upper extremity and is capable of a swinging motion from side to side, 
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as the test tube is rocked about a horizontal 
axis, by means of a motor-driven eccentric 
arrangement which is not shown in the 
illustration. The lower part of the test 
tube is immersed in a water bath, the 
temperature of which is maintained at 30° 
C. by means of a thermostat. Convec¬ 
tion currents carry the saturated solution 
through the silver plate and into the 
upper part of the cell, which is kept 1° to 
2° cooler by a cooling coil wound around 
the outside of the test tube. 

Since the solubility of lime increases with 
lowering of the temperature, the solution 
in the upper compartment is thus kept 
unsaturated, but at a constant concentra¬ 
tion for that temperature. Sorption from 
this solution takes place on the sample, 
which is hung in the upper compartment 
by means of a silver wire. 



Procedure 

Wood flakes of black spruce, clean absorbent cotton, and absorbent cotton 
that had been previously treated for 80 hr. with 1% sodium hydroxide, 
acidified with 1% acetic acid and washed, were the three cellulosic materials 
that were employed. 

The wood flakes were prepared from well seasoned wood by cutting thin 
slices with a circular saw, in a direction perpendicular to the transverse axis 
of the material. They were roughly 2.5 by 5 cm., and 2 mm. thick, and 
weighed approximately 2 gm. each. In this manner the wood cells (which 
average 3 mm. in length) were cut at least once along their length, so that the 
cell-structure of the wood offered no hindrance to the penetration of the 
alkali. 

The wood samples were oven dried for eight hours at 105° C. A sample 
was then weighed, watersoaked by repeated evacuation and immersion in 
water, placed in the cell and allowed to remain there from | to 72 hr. 

After the sample had been removed from the test tube, it was pressed for 
a few moments between filter papers, and immediately weighed. The dif¬ 
ference between this and the original dry weight gave the weight of solution 
mechanically held. The concentration of the solution used "being known 
from the temperature, a correction could then be made for the amount of 
lime in the liquid mechanically held, by the sample. 

The flake was then broken up, put into a porcelain erudite and ignited 
until no specks of carbon remained. The crucible was cooled in a desiccator 
in an atmosphere free from'moisture and carbon dioxide, and weighed. From 
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this result, the ash adsorbed on the sample was calculated as a percentage 
of the dry sample weight. A temperature of 30° C. was used in the lower 
cell compartment. This corresponded to a saturation concentration of 1.23 
gm. of calcium oxide per litre, or 0.022 molar (1). 

Results 

An adsorption isotherm of conventional shape was obtained, and the 
magnitude of the sorption, expressed in percentage of calcium oxide per gram 
of dry sample, is shown plotted on a time basis in Fig. 2. Saturation sorption 



tub nr BOOBS 

Fig. 2. Calcium hydroxide sorption from 0 0219 molar solution tit 28 9 C. 


values were obtained in 24 to 48 hr., and the maximum sorption was found 
to be 2.1% for the wood flakes, 0.6% for the extracted and approximately 
1.2% for the unextracted cotton. 

Discussion 

For wood the sorption value at saturation is 3.74 millimoles of calcium 
hydroxide per gram of wood. At the same molar concentration the sorption 
of sodium hydroxide is about 0.3 millimoles per gram of wood (2). The 
greater adsorption of calcium hydroxide is in accordance with the increase 
in magnitude of adsorption that has been generally observed with ions of 
higher valency. 

Cotton that had not been extracted with 1% sodium hydroxide gave erratic 
sorption values, probably because of lack of homogeneity in the material. 
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The sorption of lime on extracted cotton is less than it is on wood. This 
is similar to the behavior with sodium hydroxide, where a greater adsorption 
was observed (2) for wood than for cotton cellulose at these concentrations. 
Furthermore, the wood structure is without effect, since identical sorption 
values were obtained for heartwood and sapwood specimens. Identical 
sorption values were also observed for the two different species, black and 
white spruce. 

The results are of considerable interest in connection with pulp and paper 
problems. They draw attention to the existence of the phenomenon of 
adsorption in wood-alkali systems, and support the theory, which will be put 
forth in a subsequent paper, that adsorption is an important factor in deter¬ 
mining the mechanism of commercial delignification reactions for the prepara¬ 
tion of wood pulp. 
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THE VISCOSITIES OF DEUTERIUM-HYDROGEN MIXTURES 1 

By A. B. Van Cleave 2 and 0. Maass* 


Abstract 

A more intensive investigation than that previously reported by the authors 
has been carried out on the viscosities of dueterium-hydrogen mixtures at 22° C. 

Deuterium prepared from a 99.5% sample of deuterium oxide was used. The 
results show that, within experimental error, the diameters of the D*, HD and H* 
molecules are identical. Variations of the viscosity of some of the mixtures 
with the temperature were measured at —78.5° and —183.4° C. It was 
shown that Jeans* temperature-viscosity relation holds approximately for the 
mixtures. A comparison has been made of the various equations that have 
been suggested as expressing the relation between the viscosity of a gaseous 
mixture and the viscosities of its components. 


Introduction 

In previous publications (9, 10) the authors gave results of measurements 
of the viscosity and thermal conductivity of deuterium and some deuterium- 
hydrogen mixtures which indicated that the hydrogen isotopes have the same 
molecular diameter. This research supplies additional evidence for the above 
observation. * 

Material 

The present sample of deuterium was prepared (9, 10) from 1 gm. of 99.5% 
deuterium oxide (sp. gr. 1.1073) purchased from the Ohio Chemical and 
Manufacturing Company. Using the well known equilibrium constant (5, 7), 
it was calculated that the final sample consisted of 98.01 molecular per cent 
of D*, 1.98 molecular per cent of HD and 0.01 molecular per cent of H 2 . 
Hence, a much purer sample of D 2 than that foimerly used (9) was obtained. 
On a basis of atomic percentages the sample consisted of 99% deuterium 
and 1% of hydrogen. For details of experimental procedure the reader is 
referred to earlier papers by the authors. The experimental technique in 
preparing the deuterium has been fully described in the previous paper (9). 
On account of the high atomic percentage of deuterium oxide in the sample 
of deuterium oxide used, any value of the equilibrium constant at any temper¬ 
ature may be used without altering the calculated percentages by more than 
0 . 01 < 7 ( . 

Results 

Table I shows the results obtained for the viscosity of the original sample 
and a number of deuterium-hydrogen mixtures at three different temperatures. 
Each value is the mean of three or four independent determinations. 

The results in Table I are shown graphically in Figs. 1 and 2. Fig. 1 
gives the curves for the variation of viscosity with temperature for each con¬ 
centration used. The curves for 96% deuterium and 100% hydrogen are 
those given in the previous paper (9). Fig. 2 shows the variation of viscosity 
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TABLE I 

Variation of viscosity with concentration and temperature 


Molecular per cent of 
deuterium 

99.00 

95.72 

90 03 

78.29 

50.44 

25.91 

00.00 

Temp., ° C. 

Viscosity in C.G.S. units X 10 T 

22 




1185 0 


988.0 

878.8 

— 78.5 




883 1 


739.6 

— 

-183.4 

B 

B 

WSm 

497 8 

460.1 

423.3 

379.3 


with concentration for each of the three temperatures at which measurements 
were made. The 22° C. curve is the same as that previously given (9), with 
additional data obtained in the present work. 


Discussion 

The 22° C. curve in Fig. 2 indicates that the viscosity of deuterium-hydrogen 
mixtures is independent of the small number of HD molecules present, and 
that it depends entirely on the atomic percentages of deuterium and hydrogen 
present. For example, the 98 weight per cent deuterium used in the first 
investigation (9) contained 92.35% D 2 , 7.45% HD and 0.20% H a , assuming 
the equilibrium constant to be equal to 3, and had a viscosity at 22° C. of 



Fig. U Variation of viscosity with temperature for various concentrations* 
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Fig. 2. Variation of viscosity with concentration for three different temperatures. 


1231.0 X 10~ 7 C.G.S. units, whereas an approximately 98 weight per cent 
deuterium sample, made by diluting the present sample with pure H*, con¬ 
tained 94.76% Dj, 1.93% HD and 3.31% H*, and had a viscosity at 22° C. 
of 1230.9 X 10 -7 C.G.S. units. This shows that the amount of HD present 
in the samples used in this and the previous work could properly be neglected, 
and the sample considered as being made up of Da and Ha molecules alone. 
Such a result could follow only if the molecular diameters of Da, HD and H* 
molecules are the same. Thus the authors were justified in the extrapolation 
of the deuterium-hydrogen curve in Fig. 3 of the previous paper (9) to 100% 
deuterium, as this extrapolation passes directly through the point obtained 
lor the viscosity of 99 mole per cent Da in the present work. 

The curves in Fig. 1 are all very similar and each may best be represented 
Iby the equation proposed by Jeans, ??/»?« = (F/r,)*, where » is approximately 
*0.699. However, at low temperatures the deviations from this relation be¬ 
came quite marked. As previously pointed out (9), none of the existing 
relations for the variation of the viscosity of gases with temperature are 
adequate over a large temperature range. 

For the purposes of this discussion all the following calculations on the 
viscosity of^Dr-Hj mixtures have been made on the basis that the mixture 
consisted only of D* and H> molecules. That is, the percentage of HD 
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molecules present in the original sample has been neglected. All calculations 
are based on the results obtained at 22° C., as not enough points werepbtained 
at lour temperatures to make a rigid test of the proposed expressions, 

TABLE II 

Comparison op observed and calculated results for the viscosity op deuterium- 

hydrogen MIXTURES AT 22 a C. 


atm. 

Pn 

atm. 

nx 10*, 

obi. 

C.G.S. 

units 

1?X10*. 
calcd. by 
Puluj’s 
method 

% 

Dev. 

i?X10', 
calcd. by 
Suther¬ 
land- 
Thiessen 
method 

% 

Dev. 

i?X10*, 
calcd. by 
Trautx’s 
method 

% 

Dev. 

i?X10», 
calcd. by 
Chap- 
mam's 
method 

% 

Dev. 

1.0000 

0.0000 

1242.5 

1242.5 

0.00 

1242.5 

0.00 

1242.5 

0.00 

1242.5 

0.00 

0.9900 

0.0100 

1238.8 

1239.4 

0.05 

1240.4 

0.13 

1239.9 

0.10 

1239.9 


0.9608 

0.0392 

1231.0 


0.06 

1232.1 

0.08 

1232.5 

0.12 

1232.1 

0.08 

0.9572 

0.0428 

1230.9 

1229.1 

0.15 

1231.9 

0.08 

1231.6 

0.06 

1231.1 

0.02* 

0.9111 

0.0889 

1217.0 

1214.6 

0.20 

1218 6 

0.13 

1219.1 

0.18 

1218.8 

0.15 

0.9003 

0.0997 

1213.3 

1211.1 

0.18 

1215.6 

0.19 

1216.1 

0.22 

1215.6 

0.39 

0.8677 

0.1323 

1205 0 

1200.7 

0.36 

1206.3 

0.10 

1207.1 

0.17 

1206.6 

0.13 

0.7829 

0.2171 

1185.0 

1173 1 

1.00 

1180.8 

0.40 

1182 4 

0 22 

1181.9 

0.25 

0.7634 

0.2366 

1174.3 

1166 7 

0 69 

1175.7 

0.12 

1176.4 

0.18 

1175.9 

0.14 

0.6513 

0.3487 

1138.2 

1129.0 

0 82 

1139.4 

0.09 

1040.8 

0.25 

1137.8 

0.04 

0.4998 

0.5002 

1088.2 

1076.4 

1.09 

1086.7 

0.14 

1086.3 

0.00 

1088.4 

0.02 

0.2591 

0.7409 

988.0 

985.7 

0.23 

991.2 

0.32 

994.3 

0.63 

995.1 

0.61 

0.2564 

0.7436 

991.3 

984 7 

0.66 

989.9 

0.14 

993.1 

0.18 

993.9 

0.20 

0.0000 

1.0000 

878.8 

878.8 

0.00 

878.8 

0.00 

878.8 

0.00 

878.8 

0.00 


Now that it has been conclusively shown that, considered from the point 
of view of viscosity measurements, the cross sections of deuterium and 
hydrogen molecules are the same, the approximation that it is necessary to 
make in some expressions for the viscosity of gas mixtures containing mole¬ 
cules of unequal diameter is here unnecessary. 

The first equation to be tested was that of Puluj (2), as it contains no 
calculated constants. The fact that Da and Ha molecules have the same 
molecular diameter causes Puluj’s equation to reduce to the.yery simple 
expression ijm"=»?D(PD+0-5PH)*, where i] m is the viscosity of the gas mixture, 
ijd the viscosity of pure Da, and Pd and Pa are the partial pressures of deuterium 
and hydrogen respectively. Thus if i?d is known, rj m may be calculated and 
vice verso. A comparison of the values calculated from this expression and 
those experimentally found is given in Table II. Values calculated from the 
empirical equation of Sutherland (3) and Theisen (4) are also included in the 
table. The constants of this equation were calculated from the experimental 
results for 3:1 and 1:3 mixtures of D* and Hi. The completed equation is 

** " 1 + 0.543 Pr/Pz> 1 + i.123 PofPa * 

Table II shows that Puluj’s equation closely follows the experimental results 
for mixtures containing more than 86 molecular per cent of ddfcterium. Thus 
the interpolation previously made,(9) in connection with the determination 
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of the molecular diameter of deuterium should be-correct to within die error 
assigned. The empirical relation of Sutherland and Theisen represents, well 
within the experimental error, the experimental results over the whole con¬ 
centration range. 

The present results are of particular interest when applied to the expres¬ 
sion proposed by Trautz ( 6 ), as no assumptions have to be made in regard 
to the molecular diameters of the components. This expression is 
t?igi*** + 2i?i.i —x) + —x) 1 

Vm 2iW + 2gi.j**(l - *) + s«*(l - *)* * 

For the deuterium-hydrogen system, qi •= gi.s =qi (the molecular diameter) and 
the above equation reduces to 

V» “ + 2>>i.iPbPji + ifjr-PJr 

where we have written rj D and t\b for iji and ij 8 , and P D and Pa for x and 1 —x 
respectively; ijvt is a constant. 

Trautz ( 6 ) has given methods of evaluating the constant 171 . 3 , but when 
one such calculation was tried with the present results a value of 171.3 that was 
much too high was obtained. Hence it was decided to'treat Trautz’s equation 
in a purely empirical manner, that is, to evaluate 171.3 from the experimental 
results for the 50% mixture. The value of 171.3 obtained was 1116X10 -7 . 
Hence the completed equation becomes 

Vm “ VdPd + 2232 + 10-» "PdPh 4" iJuPfe • 

Values calculated from this equation, together with those calculated from 
Chapman’s equation, are also compared with the experimental values in 
Table II. 

The theoretical equation of Chapman ( 1 ) is 

* m + Fp ° p » ± Gp, » 

n EPd/Vd + F\P D Pu + GP*bJvh 
where JE, F, F\ and G are calculated constants (1). 

Since the constants F and F\ depend on the diffusion coefficient Di*, it was 
necessary to make a calculation using the following formula ( 1 ) 

Dm *=1.34 {P D rj D /p D + Pg r/g/ Pa) , 

where po and pa are the densities of D t and Hsrespectively. The value of Dm 
calculated in this manner was 1.208. By methods of trial and error it was 
found that the best value of k is 0.647 (1). Proceeding in the manner 
indicated by Chapman the values of the constants were found to be— 
£“2.294, F“3.633, G=1.324 and Fi“3.309Xl0 4 . These constants were 
used in calculating the values given in Table II. 

The equations of Chapman and Trautz ( 1 , 6) agree very well with the 
experimental results. The theoretical equation of Chapman represents the 
present results particularly well. This also seems to indicate that the error 
introduced by disregarding the percentage of HO molecules in the mixture 
is small. 
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The main interest in making comparisons of the viscosity-mixture equations 
of deuterium-hydrogen mixtures lies in the fact that the molecules concerned 
are of equal diameter but different weight. It is thus possible to effect certain 
simplifications, such as putting etc. 

The system deuterium-helium is to be investigated next, as in this one the 
molecules are of virtually identical weight but of different diameters. 
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sucre, 175. 
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Sandin, R. B. —See Thornton, H. R. 
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114. 
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Subjects 


Acer saccharutn, Marsh, Some consti¬ 
tuents of the sap of the sugar 
maple, 269. 

Acerase, 180, 272. 

Acetic ackl, Indolyl -3 Preparation, 171, 


Acetic acid, Indylene-l:3-di-, Prepar¬ 
ation, 171. 

Acetic acid, 3-Methylindolyl - 1 -, Prepar¬ 
ation, 172. 

Acetic anbydride, Acetylation of free 
lignin sulphonic acid with pyridine 
and, 96. 

Adsorption 

Measurement of the variation of the 
dielectric constant of water with 
extent of, (Argue and Maass), 156. 
of dimethyl ether on alumina, 133. 

Air, Comparison of calculated and experi¬ 
mental viscosity values of, 145. 

Alberta coals, The hydrogenation of, 11. 

Alkali lignin 

dioxane-ether-insoluble 
Acetylation, 109. 

Action of CHjOH-HCl on, 112. 
0 -Bromphenol derivative, 112. 
6-Bromphenol derivative, 112. 
Methanol, Methylation of, 112, 
Methylation, 109, 112. 

Phenol derivative, 111. 

Acetylation, 111. 

Methylation, 111. 

Preparation, 112. 
dioxane-ether-soluble 
Acetylation, 110. 

Isolation, 110. 

Methylation, 111. 

Phenol derivative, 112. 

Alumina, The sorption of dimethyl ether 1 
on, (Edwards and Maass), 133. 

Ammonia, Viscosity of, 143. 

Amylases, The action of the two, on barley, 
(Hanes), 185. 

Action on starch, 190, 194. 

Hydrolysis of erythrogpanulose, 197. 
Preparation, 188. 

Reducing products 

macro-copper method, 186. 
yeast removal method, 187. 


Anthranillc acid, Electrolytic preparation 
of, (Shipley and Calhoun), 123. 
Effect of 

cathode surface. 131. 
concentration of o-nitrobenzoic acid, 
129. 

current density, 127. 
electrolyte composition, 128. 
quantity of current, 129. 
temperature, 125. 

Barley, The action of the two amylases on, 
(Hanes), 185, 

See Amylases. 

Benzyl ester of lignin sulphonic acid pre¬ 
methylated with diazomethane, Pre¬ 
paration of, 97, 

Bisulphite ion concentration 

at which precipitation occurs in the 
system CaO-SOa-HiO, 378. 
in the system CaO-SOt-HjO, 378. 

Bitumen, See Hydrogenations in a tetralin 
medium. 

Bound water in hydrophilic colloids at low 
temperatures, An X-ray method 
for the study of, (Barnes/>nd 
Hampton), 218. 

^-Brombenzoyl glycol lignin. Preparation 
of, 42. 

o-Bromphenol alkali lignin, (dioxane- 
ether-insoluble), 112. 

/>-Bomphenol alkali lignin, (dioxane- 
ether-insoluble), 112. 

Calcium bisulphite liquor, Lignin sul¬ 
phonic acid from, 95. 

See Sulphite liquor. 

Calcium hydroxide 

Degree of dissociation at various con¬ 
centrations and tedfberatures, 278. 
Solubility, 277. 

Sorption on wood flakes, cotton and 
extracted cotton, 380, 382, 

Calcium oxide, Sorption of, by wood flakes, 
cotton and extracted cotton, 382, 

Calcium-oxide-sulphur-dioxide-w at e r , 
Studies on the system 

I. Determination of vapor pres¬ 

sures and conductivities, (Gurd, 
Giahler and Maass), 209. 

See Linfei 

II. Calculation of ionic concentra¬ 
tions, (Gishler and Maass), 
308. 

Calculation of hydrogen ton 
concentration from 
condufeHty data,312.314. 
vapor pressure data, 312. 
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Chdcium-oxMe-aulphur-dioxide-water— 
Concluded 

Studies on the system 

III. Precipitation temperatures, 
(Gishier and Maass), 370. 

Bisulphite ion concentrations, 378. 

Conductivity, 375. 

Hydrogen ion concentration, 377. 

Vapor pressure changes, 374. 

Camera, X-ray, for studying frozen gelatin 
gels, 220. 

Carbon black, Studies of. I. A new process 
for the production of carbon black 
by thermal decomposition of hydro¬ 
carbon gases, (Piageon), 351. 

from 

methane-ethane, 356. 
propane-butane, 359. 

produced in porous tubes, Physical 
properties of, 361. 

Reinforcement of rubber, 363. 

Carbon dioxide, Comparison of calculated 
and experimental viscosity values 
of, 145. 

Carbon disulphide. Heats of solution of 
sulphur in, 284. 

Carbon-disulphide-eulphur solutions, 

Specific heat of, 285. 

Carbon tetrachloride, See Isotopic is¬ 
omers. 

Cellulose 

cotton wool, Destructive hydrogenation 
of, in a tetralin medium, 337. 

Measurement of dielectric constants of 
water adsorbed on, 157. 

Sorption of lime by, 381. 

Sorption of water vapor on standard, 5. 

Cellulosic materials. The sorption of 
water vapor on, and desorption of 
water from, (Filby and Maass), 1. 

Bleached sulphite pulp, 4, 8. 

Bleached surgical cotton, 3, 7. 

Cotton, 4, 5, 6. 

Kodak rag cellulose, 4, 7. 

White spruce, 3, 7. 

Coal, See Hydrogenations in a tetralin 
medium. 

Coals, Alberta, The hydrogenation of, XU 

Colloids, hydrophilic, See Hydrophilic col* 
loids. 

Conductivities of the system calcium-oxide- 
sulphur-dioxide-water, 209, 217. 

Conductivity 

Calculation of hydrogen ion concen¬ 
tration in system CaO-SOrHjO 
from data on, 312, 314. 

in precipitation region in system CaO- 

SOt-HfO, 375. 

of saturated lime solutions, 277. 


Cotton 

bleached surgical, Water sorption and 
desorption values for, 7. 

Sorption of lime on extracted, 383. 

Cotton wool, See Cellulose. 

Critical temperature, Discontinuity In 
dielectric constant of liquids and 
their saturated vapors at the, 296. 

Degree of reduction-potential curves, 
for methylene blue chloride ana 
methylene blue thiocyanate, 262. 

Deligniflcation 

by sulphite liquor, Influence of the pre¬ 
heating of wood in water on the 
rate of, (Corey and Maass), 149. 

Effect of preheating in 
nitrogen, 150. 
toluene, 151. 

Influence of hydrogen ion concentration 
with pretreatment of wood on its 
subsequent, 289, 293. 

Deuterium-hydrogen mixtures. Viscos¬ 
ities of, (Van Cleave and Maass), 
384. 

Deuterium oxide 

A note on the specific heats of liquid, 
(Brown, Barnes and Maass), 167. 

Vapor pressure of 56.8% solution of, 114, 
116. 

Diazoesters, The reaction products of indola 
with, (Jackson and Manske), 170. 

Diazomethane 

methylation of 

glycol lignin, 43. 
methanol lignin, 32. 
sodium lignin sulphonate, 92. 

Dichloromethane, See Isotopic isomers. 

Dielectric constant 

of liquids and their saturated vapors at 
the critical temperature, The dis¬ 
continuity in the, (Marsden and 
Maass), 296. 

Measurement, 298. 

Methyl other, 301. 

Propylene, 304. 

of water, Variation with extent of ad¬ 
sorption, (Argue and Maass), 156. 

DUndene, non-saturated, Conversion to 
saturated, 2$4t 247. * 

Preparation, 245. 

Dimethyl ethefy Sorption on glumina* 

Methjttpin of the aodium tut of Kgnin 
■ntpnonic acidwith, 101. 
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Distillation, Fractionation of isotopic is¬ 
omers by, 114. 

Electrolytic reduction, See Anthranilic 
add. 

Equilibrium rectification, Separation of 
some isotopic isomers by, 114. 
chlorine, 114. 
oxygen, 117, 120. 

Srable I sucre, Recherches sur la mature 
aromatique des produits de 1’, 
(Risi et Labrie), 175. 

Erythrqgranulose 

Action of a-amylase on, 199. 

Hydrolysis of, 197. 

Joint action of a - and /J-amylases on, 
204, 205. 

Separate action of a - and /3-amylases 
on, 205. 

Ethanol, in electrolyte, Effect on electrolytic 
preparation of anthranilic acid, 128. 

Ether-dioxane-soluble phenol lignin, See 

Phenol lignin. 

Ether-Insoluble phenol lignin, See Phenol 
lignin. 

Ethylene, Visocity of, 143. 

Ethylene glycol, Extraction of wood meal 
with, 40. 

Ethylene glycol monomethyl ether, Ex¬ 
traction of wood meal with, 41. 

Fractionation of isotopic isomers by 

distillation, Preliminary study of, 
(Stedman), 114. 

Freudenberg lignin 

Methylation, 78, 80. 

Phenol derivative, 73. 

Acetylation, 74. 

Methylation, 74. 

Premethylated 
Acetylation, 75, 

Action of CHiOH-HCl on, 86. 
Methylation, 85. 

' Phenol compound 
Acetylation, 83. 

Methylation, 84. 

Acetylation of product, 84. 

Gases 

Dielectric constant of 
methyl ether, 303. 
propylene, 304. 

Viscosity of 

ammonia, ethylene, methyl ether, 
propylene, 143. * , 

Gelatin gels, frocen. Study of, by X-ray 
method of analysts, 218. 


GlucoekKes in sap of sugar maple, 270. 

Glycol lignin 

Acetylation, 41. 

Action on phenol, 57. 

Benzoylation, 42. 
p-Brorabenzoyl, 42. 

derivatives. Action of lead tetra-acetate 
and of mercuric acetate on, (Gray, 
Brauns and Hibbeft), 48. 
fully methylated 

Action of lead tetra-acetate on, 48. 
Mercurization, 50. 

Methylation of phenol derivative, 
60. 

Phenol derivative, 59. 

' Methylation, 44, 
p-Nitrobenzoyl, 43. 
premethylated 

Acetylation, 44. 

Benzoylation, 44. 

Methylation, 60. 

Phenol compound, 58. 

Benzoylation, 58. 

Structure and properties, 35. 
p-toluene sulphonate, 43, 

Trityl derivative, 46. 

Grain screenings, Destructive hydrogena¬ 
tion of, in a tetralin medium, 337. 

Batch hydrogenations, 344. 
Semi-continuous hydrogenations, 346. 

' Hadromal, 175, 177, 183. 

Heats of solution and specific heats of 
rhombic sulphur in carbon disul¬ 
phide: the surface energy of solid 
rhombic sulphur, (Williams, John¬ 
son and Maass), 280. 

Hydrocarbon gases. Production of carbon 
black by thermal decomposition 
of, 351. 

Hydrochloric acid, Action jcjf phenol on 
quercetin in presence of, 60* 

Hydrogen, Comparison of calculated and 
experimental viscosity values of, 
145. 

Hydrogen chloride and methanol, Action 
on lignins and spruce wood meal, 
84, 85, 86, 87. 

Hydrogen-deuterium mixtures. Viscos¬ 
ities of, 384. *• 

Hydrogen ion concentration 

Calculation of, in system CaO-SGr 
HjQ. from vapor pressure end 
conductivity dat*4$12, 314. 

Effect on precipitatioancrf calcium sul¬ 
phite, 370, 377, 

in pretreatment of wood, The influence 
of, on subsequent deUgaification, 
(Corey and Maaes), 889,193. 
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Hydrogenation of Alberta coals. II. 
Comparative data on thirteen coals 
of various ranks and two suspension 
media, tetralin and liquid petro¬ 
latum, (Boomer, Saddington and 
Edwards), 11. 

in presence of 

liquid petrolatum, 21. 
tetralin, 17. 

Hydrogenations in a tetralin medium 

I. Destructive hydrogenation of bitu¬ 
men and pitch, (Boomer and 
Edwards), 323. 

McMurray bitumen, 327. 

Pitches, 328. 

II. Destructive hydrogenation of coal 
with tetralin and with a mixture 
of related compounds as media, 
(Boomer and Edwards), 331. 

Coal, 333. 

Pyrolysis tar, 333. 

A.S.T.M. distillation, 332. 

Use as suspension medium, 333. 

III. Destructive hydrogenation of cel¬ 
lulose and wood, (Boomer, Argue 
and Edwards), 337. 

IV. Destructive hydrogenation of grain 
screenings, (Boomer and Edwards), 
343. 

Hydrolysis of starch by the two amylases, 
185. 

Hydrophilic colloids, An X-ray method 
for the study of bound water in, 
218. 

Indols, The reaction products of, with 
diazoesters, (Jackson and Manske), 
170. 

Isomers, isotopic, Fractionation by dis¬ 
tillation, preliminary study, 114. 

Isotopic ^ isomers by distillation, Pre¬ 
liminary study of the fractionation 
of, (Stedman), 114. 

Distillation of 

carbon tetrachloride, 114. 
Dichloromethane, 116. 

Water, 117. 

Experiments with 
Methane, 120. 

Oxygen, 120. 

Kodak rag cellulose, Water sorption and 
desorption values for, 7. 

Lead tetra-acetate 

Action on 

fully methylated glycol lignin, 52. 
glycol lignin derivatives, 48. 

Lignin 

native. Derived formula for, 28. 

See Alkali lignin, Delignification, Freu- 
denberg lignin. Methanol lignin, 
Phenol lignin, Willst&tter lignin. 


Lignin and related compound*. Studies on 

XII. Methanol lignin, (Brauns and 
Hibbert), 28. 

XIII. The structure and properties of 
glycol lignin, (Gray, King, Brauns 
and Hibbert), 35. 

XIV. The action of lead tetra-acetate 
and of mercuric acetate on glycol 
lignin derivatives, (Gray, Brauns 
and Hibbert). 48. 

XV. Phenol glycol lignin, (Brauns and 
Hibbert), 55. 

XVI. Phenol lignin from spruce wood, 
from Freudenberg spruce lignin 
and Willst&tter spruce lignin, 
(Bucldand, Brauns and Hibbert), 
61. 

XVII. Methylation of Willst&tter and 
Freudenberg lignins, (Brauns and 
Hibbert), 78. 

XVIII. Lignin sulphonic acid—a pre¬ 
liminary investigation on its iso¬ 
lation and structure, (King, 
Brauns and Hibbert), 88. 

XIX. Alkali lignin, (Marshall, Brauns 
and Hibbert), 103. 

< 

Lignin sulphonate with diazomethane, 
Methylation of sodium, 92. 

Lignin sulphonic acid 

derivatives, Comparison of*experimental 
and calculated methoxyl values of, 
94. 

Electrometric titration curve of, 99. 

from commercial calcium bisulphite 
liquor, Isolation of, 95. 

from wood meal, 93. 

Isolation of salts and esters of, 90. 

Behavior with 

Diazomethanc, 96. 
Methanol-HCl, 97. 

Pyridine and acetic anhydride, 
96. 

Preliminary investigation on its isola¬ 
tion and structure, 88. 

premethylated 

benzyl ester, 97. 
methyl ester, 97. 

Preparation and isolation of, 93 
sodium salt, 97. 

Methylation, 100, 101. 

I Lignins, Phenol derivatives of isolated, 66. 

Lime 

Solubility of, in water, (Larocque and 
Maass), 276. 

Sorption of, by cellulose and wood, 
(Larocque and Maass), 380. 

Lime solutions, Conductivity of saturated, 
277. 

a-Malt amylase 

Action on starch and ef^linQgnwiulose, 
194, 199; ; 

and 0-amylase, Separate and joint 
action of, on erythrogran ulose, 205. 

Effect of heating, 196. 

Preparation, 188. 
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0-Malt imytow 

Action on starch, 190. 
and ^-amylase, Separate and joint 
action of, on erythrogranulose, 205. 
Preparation, 188. 

Maple, sugar, Aromatic constituents of 
products of, 175. 

See Maple saps. 

Maple flavor of maple syrup and sugar, 
Development of, 269. 

Maple saps, Changes in reducing sugar 
content of, during reflux boiling, 
271. 

Acerase, 272. 

Development of flavor, 269. 

Glucosides, 270. 

Succinic acid, 274. 

McMurray bitumen, See Hydrogenations 
in a tetralin medium. 

Mercuric acetate, Action on fully methy¬ 
lated giypol lignin, 48, 53. 

Mercurizatkm of fully methylated glycol 
lignin, 48, 53. 

Methane, Carbon black from 364. 

See Isotopic isomers. 

, Mono deuterio-, 120. 

Methane-ethane, Production of carbon 
black from, 356. 

Methanol, absolute, and hydrogen chloride, 
Action on 

alkali lignin (dioxane-ether-insol- 
uble), 112. 

Freudenberg lignin, 86. 
premethylated Freudenberg lignin, 
86 . 

premethylated Willstatter lignin, 85. 
spruce wood meal, 87. 

Methanol lignin 

Acetylation of purified, 32. 
building unit, 28. 
fully methylated, 33. 

Methylation with diazomethane, 32. 
premethylation 

Acetylation, 33. 

Preparation, 30. 

Purification, 31. 


Methylation of 

Jycol lignin, 43. 
reudenberg lignin, 78. 
lignins, 28-113. 
methanol lignin, 32. 
phenol Freudenberg lignin, 74. 
phenol glycol lignin, 58. 
phenol Rgnin (ether-dioxane-soluble), 73. 
phenol lignin (ether-insoluble), 71. 
phenol Willstktter lignin, 76. 

Willstktter lignin, 78. 

Methylene blue, Sorption of, by carbon 
blacks, 362. 

Methylene blue chloride 

Degree of reduction-potential curves, 
262. 

Electrometric titration curve, 262. 
in the reduction test of milk, Substitution 
of methylene blue thiocyanate for, 
(Thornton, Sandin and Miller), 257. 
Oxidation-reduction potentials 
m aqueous solution, 261. 
in milk, 260. 

Milk, The substitution of methylene blue 
thiocyanate for methylene blue 
chloride in the reduction test of, 
(Thornton, Sandin and Miller), 
257. 

Molybdic oxide as catalyst in hydrogena¬ 
tions in a tetralin medium, 327, 
328, 333, 348. 

o-Nitrobenzoic acid, Electrolytic reduction 
of, 123. 

p-Nitrobenzoyl glycol lignin, Preparation 
of, 43. 

Nitrogen, Effect of preheating wood in, on 
cooking properties, 150. 

Nitrogen, soil organic, Non-protein nature 
of a fraction of, 264. 

Oxidation-reduction potentials of methy¬ 
lene blue chloride and methylene 
blue thiocyanate in 

aqueous solutions, 261. 
in milk, 260. 

Oxygen, See Isotopic isomers. 

Oxygenated compounds in the hydro¬ 
genation of coal, 26. 


Methoxyl values of lignin sulphonic acid 
derivatives, Comparison of ex¬ 
perimental and calculated, 94. 

Methyl ester of lignin sulphonic acid pre-^ 
methylated with diazomethane, Pre¬ 
paration of the, 97. 

Methyl ether 

Dielectric constant, 301. 

Viscosity, 143. 


Petrolatum, liquid, as suspension medium 
in hydrogenation ofl&lberta coals, 
11 , 21 . 

Compared with tetralin, 23. 

Phenol, Action on 

glycol lignin, 57, * 

fully methylated, $#? 
premethylated, 58. 
lignin, 62. 

Mechanism of reaction, 62. 
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Phenol, Action on —Concluded 

' premethylated Freudenherg lignin, $3. 

premethylated Willstktter lignin, 81. 

quercetin, 60. 

Phono! alkali lignin, Dioxane-ether~in- 
toluble, 103, 111. 

Phenol alkali lignin, Dioxane-ether - sol¬ 
uble, 103, 112. 

Phenol derivatives of isolated lignins, 66. 

Phenol glycol lignin, 55. 

Benzoylation, 58. 

Methylation, 58. 

Premethylated, 

Acetylation, 58. 

Phenol lignin 

Fractionation, 68. 

from spruce wood, from Freudenberg 
spruce lignin and Willstatter spruce 
ltgnin, 61. 

Preparation, 67. 

See Phenol lignin, ether-dioxane-soluble 
Phenol lignin, ether-insoluble. 

Phenol lignin, ether-dioxane-soluble 

Acetylation, 72. 

Methylation, 73. 

premethylated 

Acetylation, 73. 

Deacetylation and methylation of 
acetylated products, 73. 

Phenol lignin, ether-insoluble 

Acetylation, 70, 72. 

Methylation, 71, 72. 

Pitch, See Hydrogenations ip a tetralin 
medium. 

Polyindenes, Constitution of, 242. 

See Diindene, Triindene. 

Polymerization, Contribution to the study 
of, I. Formation, properties and 
constitution of the polyindenes, in 
particular triindene, (Risi and Gau- 
vin), 228. 

Precipitation temperatures, Apparatus 
for determining, 371. 

Propane-butane, Production of carbon 
black from, 359, 366. 

Propylene 

Dielectric constants, 304. 

Viscosity, 143. 

Pulp, See Delignification. 

Pyridine aad acetic anhydride, Acetylation 
of free lignin sulphonic acid with, 96. 

Pyrolysis tar, See Hydrogenations in a 
tetralin medium. 


Quercetin, Action of phenol on, in presence 
of hydrochloric add, 60. 

Rectification, equilibrium, Separation of 
some isotopic isomers by, 114. 
chlorine, 114. 
oxygen, 114. 

Reduction-potential curves for methylene 
blue chloride and methylene blue 
thiocyanate, 262. 

Reduction test of milk, Substitution of 
methylene blue thiocyanate for 
methylene blue chloride in, 257. 

Rhombic sulphur 

in carbon disulphide 

Heats of solution, 284. 

Specific heat, 285. 

Surface energy, 287. 

Rubber, Reinforcement of, with carbon 
black, 363. 

Tensile properties of pure gum rubber 
and rubber containing carbon black 
from methane, 364. 

Sodium lignin sulphonate 

Methylatipn, 92. 

Preparation of neutral, 91. 

Soil organic nitrogen, The non-protein 
nature of a fraction of, (Dyck and 
McKibbin), 264. 

Sorption of 

dimethyl ether on alumina, 133. 

lime by cellulose and wood, 380. 

water vapor on cellulosic materials, 1. 

See Adsorption. 

Specific conductivities 

in system CaO-SO*-HjO, 209, 217. 

of lime solutions, 277. 

Specific heats of 

liquid deuterium oxide, A note on the, 
(Brown, Barnes and Maass), 167. 

sulphur-carbon-disulphide solutions, 285. 

Spruce, white, Water sorption and desorp¬ 
tion values for, 7. 

Spruce wood, Phenol lignin from, 61. 

Spruce wood lignin, 78. 

Spruce wood meal, completely methylated, 

Action of CHiOH-HCi oit, 87. 

Methanol lignin from, 28. 

Starch, Action of o-malt amylase on, 199. 

Action of 0-malt amylase on, 190. 

Succinic acid in maple sap, 274. 



IX 


Succinic acid, Indolyl-3-, 

Preparation, 172. 

Sugar maple (Acer saccharum, Marsh) 

Aromatic constituents of products of, 
17S. 

Aromatic substance, 177, 182. 

Extraction and properties of 
syrup and sap, 176,179. 

Hadromal, 177, 183. 

Hydrolytic agents, 176, 180. 

Some constituents of the sap of, (Findlay 
and Snell), 269. 

See Maple sap. 

Sulphite cooking, See Delignification. 

Sulphite liquor, Effect of preheating of 

wood in water on rate of delignification 
by, 149. 

See Calcium-oxide-sulphur-dioxide- 
water. 

Sulphonic acid, Lignin. 

See Lignin sulphonic acid. 

Sulphur, Heats of solution of finely divided, 
286. 

Measurement of particle size, 286. 

Sec Rhombic sulphur. 

Sulphur dioxide, Comparison of calculated 
and experimental viscosity values 
of, 145. 

See Calcium - oxide - sulphur - dioxide - 
water. 

Sulphuric acid, in electrolyte, Effect on 
electrolytic preparation of anth- 
ranilic acid, 128. 

Sulphurous acid. See Calcium-oxide-sul¬ 
phur-dioxide-water. 

Surface energy of solid rhombic sulphur, 
280, 287. 

Surgical cotton, bleached, Water sorption 
and desorption values for, 7. 

Suspension media, Comparison of liquid 
petrolatum and tetralin as, 24. 

Tar, Pyrolysis, See Hydrogenations in a 
tetralin medium. 

Temperature 

critical, Discontinuity in dielectric con¬ 
stant of liquids and their saturated 
vapors at, 296. 

Effect in preheating of wood, on de¬ 
lignification, 149, 289, 291. 

Effect on 

electrolytic reduction o* anthranilic 
acid, 125, 
indene, 228, 245. 
solutions of a-amylase, 196. 
sorption of dimethyl ether ea 
alumina, 135. 

specific conductivity in system 
CaO-SOrHtO, 3j08. 


Temperature —Concluded 

Variation of viscosity of gases with, 140, 

X-ray method for study of bound water 
( in hydrophilic colloids at low, 218. 

Tetralin as suspension medium in hydro¬ 
genation of Alberta coals, 11, 17. 

Compared with liquid petrolatum, 23. 

See Hydrogenations in a tetralin me¬ 
dium. 

Thermal decomposition of hydrocarbon 
gases, Production of carbon black 
by, 351. 

1 Toluene, Effect of preheating wood in, on 
cooking properties, 151. 

Triindene 

Bromination, 234, 248. 

Inhomogeneity, 231, 246. 

Mechanism of formation, 232. 

Oxidation, 240, 252. 

Polymerization, 228, 251. 

Preparation, 231, 246. 

Pyrolytic decomposition of, 241. 

Saturation, 238, 249. 

Trityl derivative 

of glycol lignin, 46. 

premethylated with diazomethane, 
I 46. 

Vapct pressure 

Calculation of hydrogen ion concen¬ 
tration in system calcium-oxide- 
sulphur-dioxide-water from data on, 

I 312. 

changes in system CaO-SOt-HjO due to 
precipitation of calcium sulphite, 
374. 

Vapor pressures of system calcium-oxide- 
sulphur-dioxide-water, 209, 216. 

Viscosities of deuterium-hydrogen mix¬ 
tures, (Van Cleave -and Maass), 
384. 

Variation with concentration, 386. 

Viscosity of gases, Variation with temper¬ 
ature over a large* temperature 
range, (Van Cleave and Maass), 
140. 

Ammonia, 143. 

Ethylen'e, 143. 

Methyl ether, 143. 

Propylene, 143. 

Water *• 

absorbed on cellulose, Measurement of 
dielectric constants of ? 157. 

bound, m hydrophilic colloids, 218. 

Effect of preheating wood in, on cooking 
properties, 149. 

Solubility of lime in, $|Larocqdue an 
Maass), 276. 

See Isotopic isomers. 

Water vapor, Sorption on cellulosic ma¬ 
terials, 1. 
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White spruce, Water sorption and de¬ 
sorption values for, 7. 

Wills tfttter lignin 

Action of CHtOH-HCl on, 84. 
Methylation, 78, 85. 

Phenol derivative, 75. 

Acetylation, 76. 

Methylation, 76,' 
premethylated 

Acetylation, 76. 

Action of CHsOH-HCl on, 85. 
Phenol compound, 81. 

Acetylation, 81, 

Methylation, 82. 


Wood, Effect of preheating in water on 
rate of delipdfication by sulphite 
liquor, 149. 

Fir wood sawdust. Destructive hydro¬ 
genation of, in tetralin medium, 337. 

Sorption of lime by, 380. 

See Delignification. 

Wood meal, Lignin sulphonic acid from, 93. 

X-ray method for the study of bound 
water in hydrophilic colloids at 
low temperatures, (Barnes and 
Hampton), 218. 

camera, 220. 






